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SUMMARY
The low inherent damping of th e electrom echanical system formed by the 
rotor o f a synchronous machine operated in  conjunction w ith an a«c« power 
supply system , i s  augmented by v a r ia tio n  of the f i e l d  current of the 
synchronous machine* The con tro l operates a t a r e la t iv e ly  low power 
le v e l ,  in  some r esp ec ts  as an a lte r n a tiv e  to  a damping winding, and 
although th e damping obtained v a r ies  w ith th e  ope rating  conditions i t  i s  
shown th a t a sa t is fa c to r y  tra n s ien t response i s  p o ss ib le  fo r  a wide range 
of loadings*
The system i s  g iven  a simple th e o r e t ic a l treatm ent using phase plane 
diagrams, small s ig n a l lin e a r isa t io n  of equations and an analogue computer 
sim ulation , and the r e su lts  show the f e a s ib i l i t y  of e x c ita t io n  co n tro l f o r  
damping purposes*
A p r a c tic a l system  i s  described which uses an e lec tr o n ic  e x c iter  operated  
in  conjunction w ith  current feedback t o  give f i e l d  forcing* Load angle and 
load angle ra te  s ig n a ls  are derived  using pulse ra te  techniques employing a 
commercial sh a ft mounted increm ental d ig it is e r *  The co n tro l scheme i s  
app lied  to  a small laboratory machine and the r e su lts  o f some comprehensive 
te s t in g  with tr a n s ie n t  disturbances from both the mechanical and the  
e le c t r ic a l  s id es  o f the system are d isp layed .
The use of current negative feedback in  conjunction w ith th e  e x c ite r  suggests  
th a t a simple second order approximation to  the system should g ive  worthwhile 
p red iction s of the tra n s ien t behaviour fo r  sm all disturbances* The 
experim ental r e s u lt s ,  although masked by n o ise , appear to confirm t h is  
conclusion*
The most appropriate ap p lica tion  of the scheme would appear t o  be to  
synchronous motor drives where the load provides lim ited  damping and 
tr a n s ie n t torque changes are l ik e ly  t o  produce ob jection ab le  o s c il la t io n s *
The scheme could a ls o  be applied to synchronous generators to minimise 
hunting and ensure o s c i l la to r y  s t a b i l i t y  but i t s  use in  conjunction w ith  a 
v o ltage  regu lator would require ca refu l optim isation  of the r e la t iv e  
regu la tor  gains*
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1 . UITRGDU CUT Oil
1.1® This th e s i s  i s  concerned w ith  the  e lec tro m ech an ica l system 
formed by th e  r o to r  of a synchronous machine o p e ra tin g  in  
p a r a l l e l  w ith  an e l e c t r i c a l  supp ly  which in c lu d e s  o th e r  
synchronous machines® The r o to r  w ith  i t s  a s s o c ia te d  m echanical 
lo ad  o r  prime mover tu rn s  in  synchronism w ith  th e  r o ta t in g  f lu x  
of th e  s t a t o r  hut the l in k  i s  th rough th e  m agnetic f i e l d  only 
and may he d e sc rib ed  as E l a s t i c * .  The system i s  th u s  
in h e re n tly  o s c i l l a to r y ,  energy h e in g  in te rch an g ed  between th e  
m echanical and e l e c t r i c a l  elem ents as th e  r o to r  changes i t s  
p o s i t io n  r e l a t i v e  to  th e  r o ta t in g  flux®
1«2* The system may he su b je c te d  to  d is tu rb an ces  o r ig in a t in g  on e i th e r  
th e  m echanical o r e l e c t r i c a l  s id e s  and t h i s  in v e s t ig a t io n  co n sid ers  
the  c o n tro l cf th e  r o to r  movement r e s u l t in g  from such  d is tu rb a n ce s  
by v a r ia t io n  of the  synchronous machine f i e l d  cu rren t*  A 
p r a c t ic a l  scheme i s  d e sc rib e d  which w i l l  minimise the  in te rch an g e  
of energy and th u s  damp th e  system®
2®. SYNCHRONOUS MACHINES AID POTTER SYSTEMS
2®1« In h e re n tly  Secure Systems
2*1 *1« From th e  f i r s t  use o f synchronous machines f o r  the
p ro v is io n  ,of e le c tr ic a L  power th e  need to  opera te  machines 
in  p a r a l l e l  was e v id e n t to  cope econom ically  w ith  
v a r ia t io n s  in  th e  lo ad  and to  ensure c o n t in u i ty  of supply 
in  ev en t o f a f a u l t .  Thus synchronous machines were 
connected t o  power systems which in c luded  o th e r  synchronous 
machines®
2*1®2® D if f ic u l t i e s  were im m ediately experienced  in  m ain ta in in g  
synchronous o p e ra tio n  w ith  p a r a l le l  working® The 
e s s e n t ia l ly  o s c i l la to r y  n a tu re  of th e  system was 
s tim u la te d  by im p e rfec tio n s  and continuous h u n tin g  
r e s u l te d  w ith  the  phase of one ro to r  advancing and 
r e t r e a t in g  r e l a t i v e  to  th e  o thers*
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2.1 .3*  The main problem s of e a r ly  system s were those  of poor 
waveforms and i r r e g u la r ly  p u ls a t in g  to rq u es  from th e  
r e c ip ro c a tin g  engine prime movers. Machines were 
qu ick ly  developed to  g iv e  s a t i s f a c to r y  waveforms and 
a lthough  p u ls a t in g  to rq u e s .rem ained, tech n iq u es  f o r  
en su rin g  'th a t the n a tu ra l  fre q u e n c ie s  of th e  system  were 
w ell away from  th e  freq u e n c ie s  of any d is tu rb in g  to rq u es  
were soon evolved . A good survey cf th e  approach which 
i s  s t i l l  v a l id  i s  g iven  in  r e f  1•
2 .1 .A* In  most cases the  damping e f f e c t  o f m echanical lo s s e s
and of eddy c u rre n t lo s s e s  in  th e  iro n  i s  adequate f o r  the  
system but s i tu a t io n s  do occur where th e  in h e re n t damping 
i s  very  sm all o r may even be n e g a tiv e . In  th e se  cases a 
c o r re c t ly  designed  damping winding w i l l  norm ally  p rovide 
s a t i s f a c to r y  o p e ra tio n .
2 .1.5* Damping windings a re  s h o r t  c i r c u i te d  w indings on th e  r o to r  
of the synchronous machine which develop a to rque dependent 
on th e  s l i p  of the r o to r  r e la t iv e  to  the  r o ta t in g  f ie ld *  
They provide a c tiv e  damping, d e liv e r in g  energy to  the  
e l e c t r i c a l  supply when th e  r o to r  moves ahead of th e  
ro ta t in g  f i e l d  and drawing energy from  th e  supply when th e  
r o to r  drops beh ind . A thorough survey  of th i s  techn ique
i s  g iven  in  r e f  2* The u n s ta b i l i s in g  e f f e c t  of a .c*
c i r c u i t  r e s is ta n c e  i s  examined w ith  th e  in flu en ce  of 
damping w inding p a ram ete rs .
2 .1 .6 . These techn iques p rov ided  th e  b a s is  of synchronous machine 
design  fo r  use in  co n ju n c tio n  v d th  secu re  power systems 
th a t  would opera te  w ith  the minimum need fo r  c o rre c t in g  
a c tio n  by e x te rn a l c o n tro l  system s or by p e rso n n e l.
Ref 3 and L provide a survey of system  design  on t h i s  
b a s i s .
2 .2 . Synchronous Machines w ith  Closed Loop C ontrol
2*2.1* Closed loop c o n tro l ,  in  th e  form of v o ltag e  re g u la to r s  
and speed governors, was o r ig in a l ly  in tro d u ced  to  l im i t  
th e  v o ltag e  and frequency  v a r ia t io n  of power supply 
systems bu t i t  was q u ick ly  r e a l i s e d  th a t  c o n tro l could  
a lso  a f f e c t  the  s t a b i l i t y  and t r a n s ie n t  behav iour o f 
system s. The e a r ly  id eas  were however im possib le to  p u t 
in to  p ra c tic e  because of th e  i n s e n s i t i v i t y  and slow 
response of th e  power c o n t r o l le r s  then  a v a ila b le *
2 .2 .2*  The development o f  h ig h  power a m p lif ie rs  advanced
co n sid e rab ly  as a r e s u l t  of t  he second World War and work 
on synchronous machine c o n tro l proceeded w ith  th ese  
a m p lif ie r s  in  mind. The in c re ase  in  the  s teady  s t a t e  
s t a b i l i t y  o p e ra tin g  l im i t s  of a synchronous g e n e ra to r  w ith  
a f a s t  a c tin g  v o ltag e  r e g u la to r  was s tu d ie d  in  d e t a i l  by 
Concordia in  1944 r e f  5* This was fo llow ed  in  1946 by a 
number o f im portan t a r t i c l e s  in  th e  Brown B overi Review on 
the  s t a b i l i t y  of long d is ta n ce  a .c .  power tra n sm iss io n  
u s in g  synchronous g en e ra to rs  w ith  h igh  speed e x c i ta t io n  
c o n tro l r e f  6 . These considered  the  p o s s i b i l i t y  of u s in g  
angle re g u la to rs  as w ell as v o lta g e  re g u la to rs  f o r  
e x c i ta t io n  c o n tro l .
2.2*3* The use of computers to  in v e s t ig a te  the b eh av iou r of
synchronous machines under t r a n s ie n t  c o n d itio n s  became 
in  ere a s in g ly  common during  th e  1930s. The a p p l ic a t io n  of 
analogue computers was in v e s t ig a te d  in  re fe re n c e s  7j: 8 and 
9* In  th e se  s tu d ie s  a re fe re n c e  frame was p rov ided  by 
connecting some p o in t in  th e  system, to  th e o r e t ic a l  
’i n f i n i t e  busbars ’ and a t  the same time th e  e f f e c t  of 
e x c i ta t io n  c o n tro l on th e  t r a n s ie n t  behaviour was examined 
w ith  constan t s h a f t  to rque and changes in  th e  system  
re a c ta n c e . The c o n stan t s h a f t  to rque  was j u s t i f i e d  by 
th e  very long time c o n stan t of steam  tu rb in e  c o n tro l  
p a r t ic u la r ly  when supp lied  from b o i le r s  w ith  steam re h e a t .
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2.2*4-* The behaviour of computer s im u la tio n s  was te s t e d  in  term s 
of th e  a b i l i t y  o f th e  system re p re se n te d  to  m ain ta in  b o th  
s tead y  s t a t e  and t r a n s ie n t  s ta b i l i ty *  Steady s ta t e  
s t a b i l i t y  concerns the a b i l i t y  of th e  r o to r  to  rem ain in  
synchronism w ith  th e  r o ta t in g  f lu x  under s te a d y  s ta t e  
conditions*  S ta b i l i t y  may be l o s t  e i t h e r  due to  th e  
i n a b i l i t y  o f th e  e l e c t r i c a l  power to  match th e  m echanical 
power o r due to  o s c i l la to r y  i n s t a b i l i t y  in  th e  system* 
T ran sien t s t a b i l i t y  concerns th e  a b i l i t y  of th e  system  to  
r e t a in  synchronism  under t r a n s ie n t  cond itions*  In  th e se  
s tu d ie s  th e  system was regarded  as s a t i s f a c to r y  i f  
s t a b i l i t y  was m ain tained  and no a ttem p t m s  made t o  c o n tro l 
the  t r a n s ie n t  behav iour under s tab le  co n d itio n s#  ■
2*2*5* The developm ent o f th e  t h y r i s t o r  made a v a i la b le  a
convenient method, f o r  th e  ra p id  c o n tro l of h ig h  powers 
which could be ap p lied  to  th e  synchronous machine 
e x c i ta t io n  and a ls o  to  the a .c .  c i r c u i t  o f th e  machine*
This le d  to  th e  development cf ra p id  e x c i ta t io n  c o n tro l 
schemes f o r  conven tional machines r e f  10 b u t a lso  
b ru sh le ss  schemes w/ith r o ta t in g  th y r i s to r s  having an 
ex cep tio n a l perform ance r e f  11*
2*2.6 . Such e x c i te r s  enabled  the  s te a d y  s ta t e  b eh av iou r o f
synchronous m ach ines 'to  be c o n tro lle d  so a s  to  change 
th e  form cf th e  machine c h a r a c te r i s t ic s  r e f  12, 13*
Xn th e  U .S .A ., e le c t r o n ic  e x c i te r s  were used w ith  
su ita b le  r a te  s ig n a ls  to  damp the  o s c i l l a t i o n  o f system s 
w ith  long d is ta n c e  tra n sm is s io n  l in e s  combined w ith  h igh  
g a in  v o lta g e  re g u la to rs  r e f  14-. The success of t h i s  
work encouraged s im ila r  work w ith  ro ta t in g  e x c i te r s  
r e f  15, 16.
2*2*7* number of unusual schemes have b een  proposed f o r  th e
c o n tro l of the t r a n s ie n t  b eh av io u r of synchronous machines 
which make use cf th e  a b i l i t y  of th y r i s to r s  to  sw itch  
la rg e  c u rre n ts  in  the  a .c .  c i r c u i t  o f th e  m achine. In  
r e f  17 a s e r ie s  damping r e s i s t o r  i s  in tro d u c e d  in to  one o f  
the  l i n e s  a t  a p p ro p r ia te  in s ta n t s ,  in  r e f  18 a p a r a l l e l  
damping r e s i s to r  i s  used and in  r e f  19 th e  sw itch in g  of
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s e r ie s  capacitance provides th e  required control#
In r e f 20 th e e x c ita tio n  i s  switched between maximum 
p o s it iv e ,  normal and maximum negative in  an attem pt 
to  provide optimal con tro l of the tran sien t behaviour.
2.2*8# A re la ted  development which may prove to  be o f
considerable importance, i s  the use o f a divided winding 
rotor in  conjunction with a synchronous machine r e f  21# 
Separate va r ia tio n  cf the e x c ita t io n  o f th e windings can 
ensure c lo se  contro l of the vo ltage  combined w ith  
th e o r e t ic a lly  zero tran sien t disturbance cf the rotor#
Such a machine appears p o te n t ia lly  more valuable than 
most other schemes proposed fo r  synchronous machine 
co n tro l, hcwever there are apparently serious p r a c tic a l  
problems in  bu ild ing a large machine cf t h is  type and i t  
i s  doubtful i f  such machines are ever l ik e ly  to  become 
accepted components of large  sca le  power systems#
2 .2 .9*  In recent years considerable e f fo r t  has been devoted
to  th e in v e s t ig a tio n  o f synchronous machine co n tr o l, in  
many cases u sii^  advanced con tro l s tr a te g ie s  so as to  
improve power stem behaviour in  response to  tra n sien t  
d istu rb ances. In the majority of cases the schemes 
proposed have been in v estig a ted  using d ig i ta l  computers 
to  so lve  the com plicated equations involved# These schemes 
appear to  have found l i t t l e  favour w ith power system  
engineers and the b a s is  cf synchronous machine con tro l 
i s  la r g e ly  unchanged. There i s  some use of e le c tr o n ic  
governing and e lec tr o n ic  e x c ite r s  are now common but the  
e x c ita t io n  of a synchronous generator i s  s t i l l  con tro lled  
by a straightforw ard vo ltage  regu la tor  and synchronous 
motors are usually  operated w ith  high constant e x c ita t io n  
to  minimise the r is k  of lo s s  of synchronism#
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3 .  SCOPE OF IIWESTIGATI OH
3*1* O bjectives of E x c ita tio n  C ontro l
3*1*1* The p rev io u s  s e c tio n  has shown th a t  wrork to  ex tend  the  
c o n tro l of synchronous machines has co n cen tra ted  on 
en su rin g  th e  m aintenance of synchronism w ith in  a power 
system  under d is tu rb e d  cond itions*  This a re a  was 
considered  f o r  in v e s t ig a t io n  and some p re lim in a ry  work 
made use of angle re g u la to rs  in  an  a ttem p t to  produce 
a s tan d a rd  w ell damped response fo r  a-11 d is tu rb a n ce s  
r e f  22. However t h i s  is  a complex f i e l d  in v o lv in g  
vo ltag e  c o n tro l ,  prime mover c o n tro l, p ro te c t io n  and 
c i r c u i t  b re a k e r perform ance so t h a t  v a l id  conclusions a re  
d i f f i c u l t  to  draw. Moreover la b o ra to ry  te s t in g  to  provide 
some check on th e  conclusions would n o t have been p o ss ib le  
w ith  the  f a c i l i t i e s  av a ilab le* .
3*1*2* A tte n tio n  was t in  re fo re  d ire c te d  tow ards th e  damping of 
machine d is tu rb a n ce s  w ith  th e  in te n t io n  of c o n tro l l in g  
the t r a n s ie n t  behav iour to  ensure  the  ra p id  e lim in a tio n  
• of th e  d is tu rb an ce  from th e  system* The e f fe c t iv e n e s s  
of e x c i ta t io n  c o n tro l fo r  damping purposes was n o t in  
doubt but work on la rg e  sca le  systems had taken  as i t s  
o b je c tiv e  m erely th e  in tro d u c tio n  of damping in to  an 
o therw ise  u n s tab le  system r e f  14- and where an a ttem p t had 
been made t o  prov ide optim al e lim in a tio n  of th e  d is tu rb a n c e , 
r e f  20, th i s  had invo lved  an e la b o ra te  sw itch in g  s tra teg y *  
There a s  c le a r ly  scope f o r  a  simple scheme t h a t  would 
p rov ide  c lo se  c o n tro l of th e  t r a n s ie n t  behav iour and a t  
th e  same time could be s e t  up and t e s t e d  under la b o ra to ry  
conditions*
(o
3*1*3* E xcita tion  con tro l was used to  rein force  the e f f e c t
o f an inadequate damping winding in  r e f  23* The next 
stage was to  use the e x c ita t io n  co n tro l to  provide a l l  
the damping required making i t  p ossib le  in  some cases  
to  elim in ate the damping winding en tire ly *  Such a 
scheme would e x e r c ise  control at a low power le v e l  
tak ing advantage of the inherent a m p lifica tio n  of the  
machine and use could o ften  be made of an e x is t in g  
exciter*
3*1*4* The o b jec tiv e  of t h i s  in v e s tig a tio n  was thus to  d ev ise  a 
simple e x c ita tio n  con tro l scheme th at could be ap p lied  to  
a synchronous machine to  provide e f fe c t iv e  damping so as 
to  minimise tra n sien t disturbances over the f u l l  range o f  
operating conditions and which could act as an a lte r n a tiv e  
to  a damping winding. The scheme was intended to be 
straightforw ard to  implement in  p ra ctice  and app licab le  
to  a lab orato iy  machine*
Conventional Y/indirg and Divided V/inding Rotor Machines
3*2*1* The d ivided winding ro to r  machine has already been
mentioned r e f  21. One fea tu re  of th is  machine i s  the  
e x c e lle n t  damping cf ro to r  disturbances th a t can be produced 
by e x c ita tio n  control* I t  i s  in s tr u c tiv e  t o  compare 
divided winding and conventional machines in  simple terms 
fo llo w in g  r e f 24*
m  
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3 -2 .2 . For th e  system shown w ith  d i r e c t  and quad ra tu re  a x is  
r o to r  windings
Pam = Ed V Sin 8 + Eq V Cos 8 + Jco i f  8 . . .  1
X X
assuming n e g lig ib le  damping and th a t  co does no t vary  
s ig n i f ic a n t ly  w ith  th e  load  angle 8.
This i s  a  second o rd er eq u ation  which w i l l  be damped 
by D8 te rm s. Let Ed = E + ICd D5
Eq = Kq D8
Sin  8 + Eq V Cos 5^ DS + EV Sin  8 -  Pam
X j  X
= 0
This eq u a tio n  can be l in e a r i s e d  by c o n s id e rin g  sm all changes 
in  the  lo ad  angle AS w ith  P in  c o n s tan t and n e g le c tin g  
p ro ducts  of sm all q u a n t i t ie s .
Jw i f  AS + fV  Sin 8 Ed + V Cos 8 Kq"\ DAS + EV Cos 8 AS = 0I X X J  X
o r in  p e r u n i t  term s w ith  E = -gr J o f /F a te d  VA
i f  Ad  4- f  co V S in  8 Ed + co V Cos 8 Eq*\ DA8 4- co EY Cos 8 AS = 0
{  H HX  2 H X  J  2 HX
... 2
3.2*3 . The v a r ia t io n  of th e  damping c o e f f ic ie n t  w ith  lo ad  angle
f o r  th e  above eq u a tio n  i s  shown in  f i g  1* I t  can be seen
th a t  c o n tro l cf th e  q u ad ra tu re  a x is  e x c i ta t io n  p ro v id es  
e f f e c t iv e  damping over a  wide range of m otoring and 
gere r a t in g  co n d itio n s  w ith maximum damping a t  zero  load  
a n g le . Conversely v a r ia t io n  of th e  d i r e c t  a x is  e x c i ta t io n  
g ives zero damping a t  zero  load  angle w ith p o s i t iv e  damping 
on one side  and n eg a tiv e  damping on th e  o th e r ,  th e  damping 
in c re as in g  ra p id ly  th e  f a r th e r  th e  lo ad  angle d e p a r ts  from 
ze ro . C learly  in  com parison w ith  th e  d iv id e d  winding
Then Jco D' 8 + fK dV
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machine th e  conven tional machine p rov ides an unprom ising 
b a s is  on w hich to  h u ild  an e x c i ta t io n  c o n tro l scheme and 
t h i s  probably  e x p la in s  wrhy t in  re  have been r e l a t i v e l y  few 
p ro p o sa ls  making use of e x c i ta t io n  c o n tro l of co n v en tional 
machines f o r  damping purposes.
3 * 2 I n s p i te  cf th e  unprom ising form  of the c h a r a c te r i s t i c
i t  was decided  t o  confine th e  in v e s t ig a t io n  to  conven tional 
'machines on ly . A simple r e v e r s a l  of the  s ig n  of th e  
damping c o e f f ic ie n t  a s . th e  lo a d  angle passes  th rough  zero  
w i l l  ensu re  p o s i t iv e  damping over th e  f u l l  range cf o p e ra tin g  
c o n d itio n s , see. P ig  1* -The damping i s  th e n  c e r ta in ly  sm all 
in  th e  v i c in i ty  of zero  lo ad  angle and zero  a t  zero  lo ad  
angle i t s e l f  but a l l  machines have some in h e ren t damping 
so th a t  p rov id ing  the  sign change occurs c o r r e c t ly  a 
w orthwhile improvement in  the .perform ance should  r e s u l t  
which can be  ms.de use o f w ith  the conventional synchronous 
machine.
3*3* Method of f x  c i t a t i o n
3*3*1 • The a n a ly s is  of s e c t io n  3*2 re q u ire s  the  no lo ad  c-mf
of the  machine, and hence th e  f i e l d  c u rre n t, to  vary  w ith  
th e  ra te  of change cf le ad  a n g le . This i s  only p o s s ib le  
i f  th e  tim e -c o n s tan t of th e  f i e l d  i s  zero  bu t a reaso n ab le  
approxim ation r e s u l t s  i f  the f i e l d  tim e -c o n s ta n t i s  s h o r t  
compared to  the  n a tu ra l  p e rio d  cf o s c i l l a t i o n  of th e  e l e c t r o ­
mechanical system . In  g e n e ra l w ith  high  g a in  machines 
f i e l d  tim e -c o n s tan ts  tend to be long so t h a t  a lth o u g h  the  
approxim ation may be j u s t i f i e d  f o r  sm all machines i t  w i l l  
■not be v a lid  fo r la rg e  machines*
3*3*2* The e f f e c t iv e  .f ie ld  time-constanfc can be reduced  by th e
a p p lic a t io n  of f i e l d  fo rc in g , t in  re d u c tio n  being dependent 
on the amount of fo rc in g  employed. Thus i t  shou ld  be 
p o ss ib le  w ith  any machine to  o b ta in  a reasonab le  
approxim ation  to  th e  co n d itio n s  o f s e c t io n  3*2. However 
w ith  ro ta t in g  or m agnetic e x c i te r s  f u r th e r  d e lay s  a re  
in tro d u ced  which re q u ire  compensating by a d d it io n a l  phase 
advance e lem en ts . Some success w ith  t h i s  tech n iq u e  has
\ k
been reported*  r e f s  15, 16, but th e  problem s of s e t t in g  
up such s. system and a d ju s t in g  th e  r e l a t iv e  time co n stan ts  
to  avo id  i n s t a b i l i t y  must be extreme and th e  in tro d u c tio n  
of n o ise  v i . l l  sev e re ly  l im i t  th e  perform ance ob ta inab le*
I t  was decided  th e re fo re  to  r e s t r i c t  th i s  study t o  th e  
c o n s id e ra tio n  of e le c tro n ic  e x c i t e r s  only*
3.3*3* E le c tro n ic  e x c i te r s  are in c re a s in g ly  vri.dely  u sed , w ith  
th y r i s to r s  f o r  th e  la r g e r  paver u n its*  The th y r i s to r  
in tro d u ce s  a v a r ia b le  d e lay  dependent on the freq u en cy  
of the a .c*  supply and th e  p o in t in  th e  cycle  a t  which 
conduction of the  t h y r i s to r  i s  in i t ia te d *  W ith 50 Hz, 
m ultiphase system s th i s  de lay  i s  n e g lig ib le  in  comparison 
w ith  t h e  f i e l d  tim e-cons t a n t ,  and th y r i s to r  e x c i te r s  can be 
used in  co n ju n c tio n  w ith  c u rre n t neg a tiv e  feed b ack , w ithou t 
s t a b i l i t y  problem s, to  p rov ide  a  w orthw hile re d u c tio n  
in  th e  e f f e c t iv e  f i e l d  tim e -c o n s ta n t f o r  l im ite d  ex cu rsio n s  
of the f i e l d  curren t*
3*4* Form cf C ontrol
3*4* *)• In  s e c tio n  3*2 th e  system under c o n s id e ra tio n  was l in e a r i s e d  
by co n sid erin g  th e  response t o  sm all d is tu rb a n ce s  and 
damping was in tro d u ced  by v a ry in g  th e  e x c i ta t io n  w ith  th e  
r a te  of change of le a d  angle* As a n o n - lin e a r  system  i t  
should  be p o ssib le  t o  o b ta in  an improved perform ance by 
using  a n o n - lin e a r  c o n tro l s t r a te g y .
3*4*2* Optimal c o n tro l i s  one such s t r a te g y  which i s  f u l l y  ex p lo red  
in  r e f  20. I f  the f i e l d  i s  sw itched  between maximum 
p o s i t iv e ,  maximum n eg a tiv e  and normal a t  the c o r re c t  
in s ta n ts  i t  i s  th e o r e t ic a l ly  p o s s ib le  to  e lim in a te  a 
d is tu rb an ce  in  th e  minimum time* However i t  i s  
exceed ing ly  d i f f i c u l t  to  time th e  sw itch ing  p o in ts  
c o r re c t ly  and in  p ra c tic e  th e  perform ance appears  
d isa p p o in tin g .
3*4*3* A f u r th e r  d i f f i c u l t y  w ith  optim al c o n tro l is  t h a t  th e  same 
sw itcliirg  sequence i s  used re g a rd le s s  of th e  magnitude of 
the d istu rbance*  The a c t io n  i s  ex cessiv e  f o r  sm all 
d is tu rb a n ce s  so th e  system i s  a rran g ed  to  i n i t i a t e  th e  
sw itch ing  sequence only  when the d is tu rb an ce  exceeds a
IS*
p re d e te rm in e d  le v e l*  F o r d is tu rb a n c e s  below  t h i s  l e v e l  
no a c t i o n - i s  taken*
3 * 4 ,4 . Taking i n t o  acco u n t th e  need t o  -compensate f o r  th e  f u l l  
range of t r a n s i e n t  d is tu rb a n c e s  an  e s s e n t i a l l y  l i r e a r  
fo rm  of c o n t r o l  cou ld  seem to  be th e  b e s t  s o lu t io n  a s  th e  
c o n t ro l  a c t io n  i s  alw ays a p p ro p r ia te  to  th e  m agnitude o f 
th e  d is tu rb a n c e *  W ith  no d is tu rb a n c e  th e  e x c i t a t i o n  
shou ld  be  u n a f fe c te d  bu t in  p r a c t ic e  due to  n o is e  i n  th e  
c o n t ro l  s ig n a l  co n tin u o u s  v a r i a t i o n  o f  th e  e x c i t a t i o n  
occu rs  a t  a  low l e v e l .  The n o n - l in e a r  c h a r a c t e r i s t i c s  
of th e  sy stem  can  be a llo w ed  f o r  by a r ra n g in g  to  v a r y  th e  
g a in  o f the c o n t r o l  s ig n a l  a s  th e  system  o p e ra t in g  
c o n d it ions ch ang e .
3*4*5« The eq u a tio n s  i n  s e c t io n  3*2 show t h a t  i t  i s  a  r a t e  of
change of lo a d  an g le  s ig n a l  t h a t  i s  r e q u ir e d  to  damp th e  
r o t o r  d is tu rb a n c e s .  This q u a n t i ty  i s  d i f f i c u l t  to  
measure and  so a tte m p ts  have been  made to  f in d  a l t e r n a t i v e  
s ig n a ls  w hich w i l l  have a t  l e a s t  a component cap ab le  cf 
c o n t r ib u t in g  t o  the  system  damping. I n  s e v e r a l  . r e p o r t s  
analogue d i f f e r e n t i a t i n g  c i r c u i t s  have been  u se d  a p p lie d  
to  v o lta g e , r e f  15 , o r  power, r e f  23, s ig n a l s .  In  r e f  25 
a  lo a d  ang le  s ig n a l  i s  r e c o n s t i tu te d  from  pow er, v o lta g e  
and e x c i t a t i o n  s i g n a l s .  I t  was dec ided  to  aim  f o r  th e  
b e s t  p o s s ib le  perform ance u s in g  a  t r u e  lo a d  an g le  r a t e  
s i g n a l 'a s  i t  was b e l ie v e d  t h i s  co u ld  be m easured 
s u c c e s s fu l ly  u s in g  a  d i g i t a l  te c h n iq u e .
3*5* In  s t  rument a t  io n
3 .5 .1 .  The measurement of lo a d  a n g le  and  r a t e  of change o f lo ad  
an g le  o r s l i p  p re s e n ts  se r io u s  p r a c t i c a l  p ro b lem s.
Most me a su re  me n t  te c h n iq u e s  mice* use o f  an a u x i l i a r y  
g e n e ra to r  mounted on th e  r o to r  s h a f t  and h av in g  th e  same 
number of p o le s  a s  th e  main m achine. The phase of th e  
a u x i l i a r y  v o lta g e  i s  compared vd th  t h a t  of th e  b u sb a r  
v o lta g e  to  g iv e  a d i r e c t  measurement o f  lo a d  ang le  
r e f  26 . Comparison i s  made a t  th e  v o l ta g e  z e ro s  so 
th e  r a t e  cf in fo rm a tio n  i s  r e l a t i v e l y  low# For a  50 Hz
Ik
system i t  i s  100 tim es a second w ith  a  s in g le  phase a rra n g e ­
ment and 300 tim es a  second w ith  a th re e  phase arrangem ent*
To use t h i s  s ig n a l f o r  e x c i ta t io n  c o n tro l  i t  must be 
f i l t e r e d  and d if f e r e n t ia te d *  D if f e r e n t ia t io n  a cc e n tu a te s  
no ise  in  the s ig n a l ,  the change in  w hich may be very  sm all 
and n o ise  i s  f u r th e r  enhanced i f  f i e l d  f a rc in g  i s  used*
3*5-2* A nother system o b ta in s  p u lse s  d i r e c t ly  from the s h a f t  o f
the  synchronous machine e i th e r  by f i t t i n g  to o th ed  r in g s  or 
m agnetised ta p e s ,  r e f  14* Several sensors a re  re q u ire d  
around tlx* sh a f t  to  red u ce  no ise  due to  im p e rfec tio n s  in  the 
r in g s  and due to r a d i a l  and l a t e r a l  d e f le c t io n s  of th e  sh aft*  
The output freq u en cy  i s  con v erted  to  an analogue v o ltag e  
which i s  f i l t e r e d  and passed  through, a Cl coupling  c i r c u i t  
to  remove th e  d*c*. l e v e l  b e fo re  b e in g  used  f o r  co n tro l*
Again the  v a r ia t io n  i n  the  analogue v o lta g e  i s  a very  sm all 
f r a c t io n  of tlx  t o t a l  v o lta g e  and a n o isy  s ig n a l  r e s u l t s ,  
f u r th e r  t in  system  cannot respond  to  t r a n s ie n t s  o r ig in a t in g  
in  the e l e c t r i c a l  system u n t i l  th e  d is tu rb an ce  i s  ap p aren t 
a t  th e  ro to r*
3*5-3* Since th e se  systems were developed th e  range of d i g i t a l  
e le c tro n ic  techn iques r e a d i ly  a v a i la b le  has enormously 
expanded* This has been la r g e ly  due to  th e  wide v a r ie ty  
of d ig i t a l  in te g ra te d  c i r c u i t s  which are now produced v e iy  
cheaply*. I t  seemed c le a r  th a t  the b e s t  perform ance would be 
ob ta ined  by ta k in g  f u l l  advantage o f th e se  te ch n iq u es  and i t  
was hoped t h a t  no ise  problems could  be v i r t u a l l y  e lim in a te d  by 
r a is in g  th e  in fo rm atio n  r a te  so th a t  heavy f i l t e r i n g  could be 
a p p lie d  w ith  l i t t l e  d e g rad a tio n  of th e  s ignal*
3*5*4* I t .  was env isaged  th a t  th e  c o n tro l  scheme would be a p p lie d  to  
machine s t h a t  were s u f f i c i e n t ly  s n a i l  to  perm it ' v a l id  r o to r  
measurements to  be made w ith  an ’add-on ’ component r a th e r  . 
th an  by making d i r e c t  measurements a t  th e  r o to r  s h a f t  of 
the  machine i t s e l f *  I t  would thus be p o ss ib le  to  make u se  
of th e  h igh  perform ance o p tic a l  in c rem en ta l d i g i t i s e r s  
th a t  are  now a v a ila b le  a t  a  r e la t iv e ly  low cost*  P u lses  
from the  d i g i t i s e r  could be compared w ith  p u lse s  d e riv ed  
from th e  busbar v o lta g e  so t h a t  th e  system would be 
im m ediately re sp o n siv e  to  b o th  mechanical ;and e l e c t r i c a l  
d is tu rbances*
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4* THEORETICAL ANALYSIS -
4*1* Simple A nalysis w ith  Phase Plane Diagrams
4*1*1* As a prelim inary study, the ap p lica tio n  o f a lin e a r  
control s ig n a l to  a sim ple n on -lin ear model of a 
synchronous machine system was examined using phase 
plane diagrams r e f  25* The system was e s s e n t ia l ly  
th a t a lready considered in  sec tio n  3*2* hut the 
quadrature winding was om itted so  th a t a conventional 
machine was represented*
From equati on 1 Pm = Ed V Sin 8 + JwEP 8
X
and w ith  e x c ita t io n  con tro l
Pm -  EV Sin 8 = Kd V Sin 6 D8 + Jool? 6 3
X X
4*1*2* The phase plane diagram shows the v a r ia tio n  o f D8
w ith 8 , the slope fm' o f any tra jec to ry  w ith in  th at 
plane b ein g  defin ed  by the equation of motion above*
Thus m = d/d8 of d8/dt and i s  g iven  by
m = Pm -  EV Sin 8 -  Kd V Sin 8 D8 /  Jo> DS 
X X
fo r  any instantaneous values o f . 8 and DS*
Hence l in e s  of constant m, ca lled  is o c l in e s  can be 
p lo tte d  on the phase plane*
4*1*3* Fig 2 shows a phase plane diagram fo r  the system
defined by equation 2 w ith a constant Pm such th a t th e  
steady sta te  load angle i s  30°* Any number of tr a je c to r ie s  
showing load angle tra n sien t changes could be p lo tte d  on the  
diagram but only ro to r  swirg s from 6 « 0° and from
8 ss 90° have been constructed* The labour involved  
lim its  the number of is o c l in e s  which are p lo tte d  and so the  
tr a je c to r ie s  are only approximately d efin ed  but i t  i s  c le a r  
that fo r  the parameters chosen "the load angle changes occur 
with l i t t l e  or no o sc il la t io n *
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4*1*4* Fig 3 shows th e  behaviour of an -unloaded machine*
The e x c ita t io n  varia tion  changes the form of the 
tr a je c to ry  as the load angle v a r ies  around zero but a 
continuous o s c i l la t io n  n everth eless r e s u lt s  and there  
i s  no r e su lta n t damping* This occurs because of the  
change in  the sign  of th e damping c o e f f ic ie n t  as the  
load angle passes through zero*
4* 1*5* Fig k  shows th e  e f f e c t  of reversing the e x c ita t io n  
con tro l at zero load angle so as t o  cancel out the 
change in  the sign  o f th e damping c o e ff ic ie n t*  The 
load angle i s  o s c i l la t in g  about zero but the amplitude 
i s  decreasing showing th a t damping i s  being maintained#
4*1*6* This study showed the e ffe c t iv e n e s s  o f the e x c ita t io n  
con tro l as app lied  to the simple model* I t  was now 
d esirab le  to  extend the a n a ly s is  to  consider a more 
r e a l i s t i c  system# Two approaches were p o ss ib le , e ith e r  
the system could be lin e a r ise d  by considering small 
.v a r ia tio n s in  the var iab les only or a lte r n a tiv e ly  a 
r e a l i s t i c  model could be e sta b lish e d  with a computer#
As the aim of the p roject was to  in v e s tig a te  the performance 
under disturbed conditions the computer sim ulation  was 
employed but the small s ign al l in e a r is a t io n  of the s in p le  
performance equations was used in  eva lu atin g  the  
experim ental r e su lts#
4*2# Use of Small Signal fiinearised  Equations
4*2*1# The simple system equations have a lready been lin e a r is e d  
fo r  small changes in  s e c t io n  3*2#
From equation X  but om itting the quadrature a x is  winding
rPA6 + co V Sin 6 Kd DA6 + to VE Cos 6 A6 = 0 
2 HX 2HX
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if*2*2* For sm all v ar ia tion s in  6 about a constant value
th is  i s  a lin e a r  quadratic delay fo r  which values of 
the undamped natural frequency and the damping r a t io  
can be expressed*
Undamped natural frequency = co VE Cos 6 
2 HX
rad/s
Damping r a tio  = co V Sin 6 Kd
2 x  2 HX
2 HX
co VE Cos 6
Kd
2
co V Sin 6 tan 6 
2 HXE
These r e su lts  are compared w ith the small s ig n a l  
behaviour o f the actu a l system in  sec tio n
Computer Sim ulation
if*3*l* The computer can be used to  represent the synchronous
machine more f u l ly  but any rep resen tation  must in e v ita b ly  
have i t s  lim ita tio n s*  Guidance was obtained from Aldred
and Shackshaft r e f  8* In th e ir  paper analogue techniques
were used to  in v e s tig a te  the performance c f a synchronous 
machine in  conjunction w ith a v o ltage  regulator* The same 
approach was adopted here but the rotary e x c ite r  was 
om itted and p rov ision  fo r  contro l by th e  ra te  o f change o f  
load angle incorporated*
4»3*2* A s a lie n t  pole machine was considered, supplying in f in i t e  
busbars through reactan ce. Armature and lin e  re s is ta n c e s  
were neglected* R e a lis t ic  p o s it iv e  and n egative lim its  
were applied  to the e x c ite r  output voltage but the machine 
was assumed to  have no damping winding and to have n e g lig ib le  
inherent mechanical damping*
•3» The system equations were e s ta b lish e d , taking Park*s 
eq u ation s, r e f 26, as the b a s is , with the f i e l d  winding 
as the referen ce frame* An id ea l machine was assumed 
with n e g lig ib le  emfs due to changes in  rotor speed and 
in  armature current# As a r e s u lt  the parameters of the 
machine were reduced to  in e r t ia , d irec t and quadrature 
a x is  reactan ces, tra n sien t reactance and a f i e l d  time 
constant, the equations being as fo llo w s
E « Vq -  (XL + Xd) Id
4>* The d er iva tive  terms in  th ese equations made them
p a r tic u la r ly  su ita b le  fo r  so lu tio n  w ith  an analogue computer* 
However an adequate analogue computer was only o cca s io n a lly  
a v a ilab le  so the behaviour o f  the system was in v e stig a te d  
w ith a d ig i ta l  computer using a programme which made d irec t  
use of the corresponding analogue computer c o e f f ic ie n t s  and 
interconnections* The system response was defin ed  by a 
d isc re te  number o f p o in ts  ra th er  than by a continuous curve 
as obtained from a conventional analogue computer*
Pm + Pe ** to J l f 5
DVd ■ « Vq D6 DVq » ** Vd D5
4*3*5* The programme, r e f  27, i s  not w idely known but was p a r ticu la r ly  
easy to  employ and appears to  have considerable advantages over 
more commonly used programmes such as KALDAS r e f  2&+ P ig 5. a 
shows how the in terconnections were sp e c if ie d . Each variab le  
was defined by a number and each lin e  defined  one in tercon nection , 
w ith the f i r s t  two numbers the v a r ia b les  linked and the th ird  
number the gain o f  th e in tercon n ection . Integrators were 
defined f i r s t  fo llow ed  by adders, m u lt ip lie r s , l im its  and i n i t i a l  
con d ition s. The data was completed by s p e c if ic a t io n  of th e  
accuracy, the number o f d ig i t s  in  th e p r in t-o u t, the in terv a l  
between p o in ts , the number of p o in ts  and the v a r ia b le s  fo r  which 
values were required in  the p r in t-o u t. Sub-routines could be 
added to  perform other n on -lin ear fu n ction s such as th e ca lcu la tio n  
of the term inal v o lta g e .
4*3*6. P ig  5*b shows th e form of p r in t-o u t obtained. The r e su lt in g  
s e r ie s  o f p o in ts was p lo tte d  by hand and joined  by a continuous 
curve to  give a v isu a l p resen tation  of the system response#
Computer p lo tt in g  was not used because o f  th e considerable  
computer time i t  would have occupied#
4*3*7* The in terconnections required to  represent the system equations 
are shown in  F ig 6 . Note th a t the c o e f f ic ie n ts  correspond t o
the use o f per unit va lu ss in  the equations w ith parameters again
obtained from Aldred and Shackshaft.
H = 5 s a) = 100 % /s Tf *= 2 s
Xd = 1 p .u . Xq = 0 .7  p*u.
Xd7 « 0 .2  p .u . Xj, = 0 .5  p.u#
4*3*8* For most t e s t s  f i e l d  fo rc in g  was introduced by sim ulating  
a phase advance network feed in g  the f i e l d  of the generator 
but t e s t s  were a lso  conducted w ith sim ulated negative current 
feedback and produced alm ost in d istin gu ish ab le  r e s u l t s .  The 
in terconnections fa r  current feedback are shown towards the  
bottom of F ig 6 , w ith the various con tro l s tr a te g ie s  in v estiga ted #
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r i g .  $  Computer In p u t  and Output
f o r  a S in g le  T est b) Print Out o f  Test Results:
ANALOQUE SIMULATOR SYSTEM 
VOLTAGE REGULATOR WITH PHASE ADVANCE
INPUT CHANGES FROM 0 TO .7 5  
CONNECTIONS
a) Print Out o f Input Data
= V O L T A G E  R E G U L A T O R  W I T H  P H A S E  A D V A N C E  3 4 / 1 / 2
I N P U T  C H A N G E S  EROM 0  TO . 7 5
0 1 P 3 . 3
PR 1 31
1 ? 1
30 3 1
PR A - 1
0 5 - 1 . 0 7
4 5 . 7  15
5 5 - 1 . 0 7
1 P 8 - . 7 1 5
? 9 5 - 1 . 4 3
R ft - 9 . 5
ft ft -  1 0
- 1 
A 7 - . P 3 3
5 7 1
P R
cc<<
PS R - 40
A 1 I t
5 1 1 - . 5
ft 1 P P0
R 1? P0
1 1 1 1 ? 5
3 3 PA
.3 7 PR
1 3 P9
1 A 30
1? ? . 8
0 1
A 1
- • 3 3 4
I . ) ft 7
12 23 2 8
FROM TO Q
0 . 1 2 3-30
28 1 3 1 .0 0
1 2 1 .0 0 0
30 3 1 .000
29 4 -1 . 0 0 0
0 5 - 1 . 0 7 0
4 5 .7 1 5 0
5 . 5 - 1 . 0 7 0
12 5 - .7 1 5 0
29 5 - 1 . 4 3 0
8 6 - 9 . 5 0 0
6 6 - 1 0 . 0 0
4 7 - .8 3 3 0
5 7 1 .0 0 0
n 8 4 6 .68
23 8 - 4 0 .0 0
4 11 1 .0 0 0
5 11 - . 5 0 0 0
6 12 2 0 .0 0
8 12 2 0 .0 0
MULTIPLIERS
INPUTS OUTPUTS
11 11 25
1 3 26
3 7 28
1 3 29
1 4 30
UNIT
12
UNIT0
4
5
TIME
.0000
.1000
.2 0 0 0
.30 00
.40 00
.5 0 0 0
.6 0 0 0
.7000
.8 0 0 0
.9 0 0 0
1 .0 0 0
1 .1 0 0
1 . 2 0 0
1 .3 0 0
1 .40 0  
1.500 
1 .6 0 0
1 .7 0 0  
1 .800  
1 .9 0 0  
2 .0 0 0  
2 .1 0 0  
2 .2 0 0  
2 .3 0 0
2 .4 0 0  
2.500  
2 .6 0 0
2 .7 0 0  
2 .8 0 0  
2 .9 0 0  1.000
LIMIT
2.500
INITIAL VAL 
1 .0 0 0  
1 .0 0 0  
- .3340
Y 2 
.0000 
.1 1 3 0  
.4 122  
.7901  
1.103  
1.226  
1.108  
.79 68  .4T94 
.1 186  
.0 023  
.1113  
.40 73  
.7843  
1 .1 00  
1 .228  
1 .1 15  
.8 08 3  
.4 3 1 0  
.1 26 7  
.0041  
. 1062. 
.3 9 7 2  
.7733  
1 .093  
1 .2 29  
1 .12 4  
.8225  
.4455  
.1364  
.0058
Y 12 
.0000 
1 .263  
.07 59
.3004
2 .1 4 0
.0 9 9 9
- . 0 5 7 0
- .1 8 1 3
.2368
.0 0 6 9
- .0 3 9 7
.0 24 3
.1054
.21 85
1 .602
1.521
.3 27 8
- .1 6 3 7
.3921
.4398
.40 93
.0222
1 .775
1 . 1 2 1
1 .8 22
1.549
.3353
- . 1 7 2 7
.3 758
.43 32
.35 35
Y 23 
.1 6 7  
. 1 6 5  
.1 6 7
.1 6 5
.163
.163
.163
.164  
.1 6 4  
.1 6 4  
.16 4  
.1 6 4  
.16 4  
.163  
. 1 6 1  
. 1 6 0  
• 16T  
. 1 6 2  
. 1 6 2  
. 1 6 2  
. 1 6 2  
.1 6 3  
.1 6 3  
. 1 6 2  
. 1 6 0  
. 1 5 9  
.1 6 0  
. 1 6 1  
. 1 6 1  
. 1 6 1  
. 1 6 1
Y 28 
.0000  
- . 1 3 1 6  
- . 4 8 7 6  
- .9 6 4 4  
- 1 . 3 8 8  
- 1 .5 5 8  
- 1 .3 94  
- . 9 7 0 9  
- . 4 9 3 9  
- . 1 3 7 9
- .0 0 2 7
- . 1 2 9 4
- . 4 7 9 6
- .9 5 3 3
- 1 . 3 7 ?
-1 .5 5 b
- 1 .4 0 1
- . 9 8 3 0
- . 5 0 6 4
- .1 4 6 8
- .0 0 4 8
- .1 2 3 2
- .4 6 6 3
- .9 3 6 7
- 1 . 3 6 7
- 1 .5 5 4
-1 .4 1 1
- . 9 9 9 9
- . 5 2 3 0
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4*4* Computed Performance
4*4*1. The t e s t  procedure adopted was t o  se t  up i n i t i a l
conditions corresponding to  p a rticu la r  steady s ta te  
e x c ita t io n  and load values and then to  impose a sudden 
change in  the load  torque# This was a sim pler method 
of d istu rb ing th e  system than imposing an e le c tr ic a l  
tra n sien t by a lin e  reactance change and th e r e su lt in g  
disturbance was e s s e n t ia l ly  o f the same form. The 
computer determined the r esu lta n t tra n sien t g iv in g  an 
output showing the load angle and term inal v o lta g e  
v a r ia tio n .
4*4*2. The load angle tr a n s ie n ts  obtained are summarised in
F ig 7* With no regulator there was damping only due to  
currents induced in  the f i e ld  and th is  was v ir tu a l ly  
n e g lig ib le .  With a s u f f ic ie n t ly  large change in  the  
load torque synchronism was even tu a lly  l o s t .
4*4*3* The a p p lica tio n  o f an angle ra te  s ig n a l t o  the e x c it e r
had l i t t l e  e f f e c t  on the performance un less some form of  
f i e ld  fo rc in g  was in  operation . With f i e l d  fa r c in g  the 
response was w e ll damped fo r  p o s it iv e  load an g les  away 
from zero but a t  zero load angle there was zero damping 
and fo r  negative angles the amplitude of the o s c i l la t io n  
increased  and the system was u n stab le . The system thus  
behaved very much as the o r ig in a l simple model in v e s t ig a te d .
4*4*4. Introducing a sign  reversa l a t zero load a n g le , to
the load angle ra te  s ig n a l, maintained the damping fo r  
negative lea d  angles and a t  a low le v e l  fo r  zero load  
a n g le .
4*4*5* Tests were then conducted to  in v e s tig a te  the e f f e c t s  o f  
voltage reg u la to rs. I t  was found th a t such regu la tors  
e f f e c t iv e ly  ensured th a t synchronism wasnot l o s t ,  even 
with large changes in  load torque, but th a t in  a l l  cases  
a continuous o s c i l la t io n  resu lted  and no damping was 
introduced even w ith  a rate of change o f voltage s ig n a l.
23

4*4*6* Combining a vo ltage regu la tor  w ith load angle rate
contro l preserved the a b i l i t y  of the system t o  r e ta in  
synchronism but the damping was somewhat reduced* Under 
o sc il la to r y  con d ition s the regu lators were working against 
each o th er , the a rg le  ra te  s ig n a l attem pting t o  change the 
term inal v o lta g e  t o  produce damping and the v o lta g e  
regu la tor  attem pting to  keep the terminal v o ltage  constant, 
however optim isation  of the r e la t iv e  regu lator ga ins could  
c lea r ly  produce an acceptable performance*
4*4*7» The f in a l  s e r ie s  of curves shows th e  r e s u lt s  o f an attempt 
to  produce a strongly  synchronised system w ith  a uniform 
response fo r  a l l  load changes. The system was lin e a r ise d  
w ith in  l im its  by varying both the e x c ita t io n  le v e l and the 
gain of the load angle rate regu lator a s  the load angle 
varied* In sp ite  of the im perfections o f the lin e a r is a t io n  
a s a t is fa c to r y  performance was obtained but i t  was a ssoc ia ted  
w ith large changes in  the term inal voltage* This would 
probably make the technique unacceptable fo r  use w ith  
synchronous generators although i t  might be app licab le to  
synchronous motors*
System for Development
4*5*1* The computed r e s u lt s  were s u f f ic ie n t ly  encouraging to
ju s t i fy  the continuation  of the p ro ject and th e  development 
of a p r a c tic a l system in  sp ite  o f  th e  unpromising nature of 
the damping c h a r a c te r is t ic  o f the conventional synchronous 
machine*
4*5*2* The f i r s t  requirement was the provision  o f an e le c tr o n ic  
e x c ite r  capable cf producing th e  necessary f i e l d  forcing*
To con tro l the e x c it e r  a rate of change o f load  angle s ignal 
was required which could be reversed in  sign  as the load  
angle passed through zero* A voltage transformer was a ls o  
necessary fo r  voltage aontrol but work on the l in e a r is e d  
system was deferred u n t i l  the success o f sim pler schemes 
could be assessed*
5 . DIGITAL II^TRUMENTATION
5*1* Survey cf D ig ita l Measurement Techniques
5*1 -1 • Having decided to  employ d ig i ta l  techniques i t  was
n ecessa iy  to  s e le c t  from the range o f techniques a v a ila b le  
those most appropriate fo r  th e p a r ticu la r  a p p lica tio n  
bearing in  mind the r e la t iv e ly  high speed cf response 
required and th e  low n o ise  le v e l*
5 *1 .2 . Conventional d ig i t a l  computers work with numbers expressed  
in  d ig i ta l  form and con tro l s ig n a ls  can be ca lcu la ted  step  
by s te p . The output i s  obtained v ia  a sample and hold  
c ir c u it  vhich in terrogates the d ig i t a l  s ig n a l and sto res  
i t  u n t i l  i t  i s  replaced by a newly ca lcu la ted  value*
Although e n t ir e ly  fe a s ib le  such a system in vo lves com plicated  
e le c tr o n ic s  and th e inform ation r a te  i s  l ik e ly , to  be 
r e la t iv e ly  lew* As continuous computer control was not 
envisaged such an arrangement did not seem appropriate fo r  
the control scheme proposed#
5.1 .3*  The shaft mounted transducer may be of th e encoder form 
giv in g  a sequence of d ig i t a l  numbers a s th e  sh aft turns*
Such encoders are used in  conjunction with computer p o s it io n  
contro l systems but i f  "they are to  provide h igh  reso lu tio n  
measurements of the sh a ft ro ta tio n  while the sh a ft i s  
turning then the speed o f ro ta tio n  must be s t r i c t l y  lim ited*  
Such encoders would not be su ita b le  fo r  accurate p o s it io n  
measurements o f sh afts turn ing at 3000 rpm corresponding 
to  a 50 Hz 2 pole synchronous machine#
5«1.A* A s in p ler  form of transducer a c ts  as a d ig i t i s e r  only  
giv ing a sequence of p u lses as the sh a ft tu rn s , the 
frequency of th e  pulse tr a in  b e in g  proportional to  the 
speed of r o ta tio n . Such instrum ents can operate a t high  
speeds w ith many p u lses per revo lu tion  g iv in g  p rec ise  
measurement o f sh aft r o ta tio n . However accurate pulse  
counting i s  n ecessa iy  t o  ensure the measurement i s  fr e e  
from error*
3(
5* The pulse tr a in  can be counted fo r  an in terv a l
in i t ia t e d  by a marker pulse on the machine sh a ft and 
ended by a pulse from the busbar voltage r e f  29* The 
counter contents then g iv e s  a measure cf the load angle 
but the measurement is  only refreshed once per sh a ft  
revo lu tion  so th a t again th e inform ation rate  i s  low#
6# An a ltern a tiv e  approach i s  to  make d ir e c t use of the  
p u lse tr a in  by applying pulse ra te  techniques r e f  30*
The load angle i s  obtained by feed in g  the pulse tra in  
from .the incremental d ig i t i s e r  to  the count up input o f  
a reversib le  counter, the count down input b ein g  fed  w ith  
a sim ilar  pu lse tr a in  derived from the frequency of the 
busbar voltage# The counter i s  s e t  to  zero on synchronising  
the synchronous machine to  the busbars and the counter 
contents i s  then d ir e c t ly  proportional to the load angle
Miscounting of the pulse tr a in s  produces a continuous 
error in  the output but with carefu l design  and construction  
th is  can be avoided#
7# The technique can be extended, using a b in aiy  rate
m u ltip lier  in  a feedback loop , to  determine th e  frequency  
d iffe re n c e , which i s  proportional to  the rate of change of 
load  angle#
i . e .  D5 = K ( f i  -  f 2 )
In th is  case miscounting produces only a tra n sien t error  
in  the output#
8# For both arrangements the measured quantity i s  obtained  
as a d ig ita l  nunber in  a reversib le  counter, which i s  
continuously being updated as the p u lses arrive  from the  
pulse tra in s#  Thus i f  the frequency of th e pu lse tra in s  
i s  h igh , so a lso  i s  the speed of response of the measurement 
system# The d ig ita l  counter outputs can be used  d ir e c t ly  
or can be converted to  analogue s ig n a ls  fo r  con tro l purposes#
-  Time of Measurement
i . e .  8 ( f i  -  fs ) dt 
— Time of Synchronising
5 .1 .9*  This pu lse ra te  approach seemed to  o ffe r  reasonable 
s im p lic ity  combined "with f a s t  low noise s ig n a ls  and 
v ir tu a l ly  continuous control# I t  was thus adopted fo r  
the proposed co n tro l scheme#
5 .2 . Generation o f  Rotor and Busbar Pulse Trains
5 .2 .1 .  Rotor sen sin g  was achieved using a commercial, o p tica l  
incremental d ig i t i s e r  r e f  31* The sh aft of t h is  u n it was 
d ir e c t ly  coupled to  the sh a ft o f  the synchronous machine 
with a coupling cf high to r s io n a l s t i f f n e s s  to  ensure th a t  
the r e su lt in g  pu lses were c lo se ly  r e la ted  t o  th e  synchronous 
machine sh a ft  rotation#
5 .2 .2 .  The d ig i t is e r  co n sisted  e s s e n t ia l ly  of a sh a ft mounted 
transparent p la s t ic  d isc  with 2000 l in e s  accu rately  prin ted  
around i t s  edge. Rays from a l ig h t  source were focused
on the l in e s  and passed through the d isc  to  f a l l  on a l ig h t  
s e n s it iv e  d e tec to r . As th e  d isc  rotated  the l ig h t  was 
in terrupted  and the resu ltin g  s ig n a l from th e d e te c to r , 
a fte r  am plifying and shaping, appeared as a un ity  mark 
space r a tio  pulse tr a in  o f amplitude 12V f i g  8.
5*2 .3 . With 2000 l in e s  each period o f th e  pu lse tr a in  represented
an angular ro ta tio n  o f 360/2000 e  0 .1 8 ° . The d ig i t i s e r  had 
a frequency response w e ll beyond 100 kHz so th a t operation  
a t 1500 rpm g iv in g  an output o f 1500 x 2000/60 = 50 kHz 
was w e ll w ith in  i t s  c a p a b ilit ie s#
5 .2 .4 #  The pulse tr a in  from the busbars was o r ig in a lly  produced 
w ith another increm ental d ig i t i s e r  driven by a sm all 
synchronous motor. The motor was connected to  the busbars 
and drove the d ig i t i s e r  g iv in g  an output frequency 1000 tim es 
the busbar frequency. There were, however, s ta r tin g  
problems with the motor and busbar disturbances tended to  
provoke o s c i l la t io n s  which were d i f f ic u l t  to  damp. The 
in e r t ia  o f the system was however s u f f ic ie n t  to  m aintain the 
pulse tr a in  without lo s s  of count even during b r ie f  periods  
of to ta l  lo s s  o f busbar voltage#
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U P P £ £  : PU LSE TRAIN FROM  VOLTAGE CONTROLLED 
O SCILLA TO R O F PHASE LOCKED L O O P  . 
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5*2*5* The a v a i la b i l i ty  of in tegra ted  c ir c u it  'phase-locked loops*  
provided a superior method of generating the busbar pulse  
train* The in tegrated  c ir c u i t  includes a vo ltage  con tro lled  
o s c il la to r  which was tuned to  give a square wave output of 
about 50 kHz, f i g  8* This output was reduced to  a lower 
frequency by counting i t  down w ith in teg ra ted  c ir c u it  decade 
counting elements* The lower frequency was compared with  
the input frequency in  the phase comparator o f  th e  phase- 
locked loop and th e resu ltan t output used to  adjust the 
frequency o f th e  vo ltage  co n tro lled  o s c i l la t o r  t o  maintain 
i t  a constant m ultiple of the input frequency r e f  32, f i g  9*
5*2.6* M ultiplying the mains frequency, 50 Hz, by the f u l l  1000 
in  one step r esu lted  in  a phase locked loop w ith a poorly  
damped tran sien t response to changes in  th e  busbar frequency* 
This was die to  the large time constant required to  f i l t e r  
the output of the phase comparator, which even th en  was 
in s u f f ic ie n t  to  avoid s ig n if ic a n t  v a r ia tio n s  in  th e frequency 
of the nom inally 50 kHz. output between the p oin ts cf phase 
comparison*
5.2*7* S atisfactory  operation was obtained by lim it in g  the
m ultip ly ing  fa c to r  cf th e phase-locked loop to  250 and 
providing th e  remaining m u ltip lica tio n  by two stages p f  f u l l  
wave r e c t if ic a t io n  w ith su ita b le  f i l t e r in g *  This resu lted  
in  a loop tra n sien t response w ith  a damping r a t io  o f about, 0.4*  
A p a r a lle l resonant c ir c u i t ,  tuned to  50 Hz was placed at the  
input term inals to  ensure the output pulse tr a in  was maintained 
without lo s s  of count in  event cf a tra n sien t le s s  o f busbar 
voltage*
5 .2*8 . Although the phase locked loop can ensure the correct
frequency output there w i l l  be soms v a r ia tio n  in  the phase o f  
the output, with busbar frequency, which w i l l  a f f e c t  the 
accuracy of the lead  angle measurement once th e  counter has
been s e t  t o  zero on synchronising* I t  i s  t h is  change of 
phase th a t  provides the s ig n a l to  keep the lo c a l  o s c i l la to r  
in  step  w ith  the input frequency* Readings were taken to  
a sse ss  the error l ik e ly  to be introduced in to  the load  angle
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measurement by a charge o f  busbar frequency a fte r  
synchronising and i t  m s found th a t a change of phase 
0f  0 .4 ° , r e la t iv e  to  the busbar v o lta g e , occurred with a 
frequency change of 1 Hz. I t  was f e l t  th a t th is  was 
s u f f ic ie n t ly  sm all to  be neglected*
5*3* Measurement cf Load Angle
5*3*1* Measurement depended on the use cf in tegrated  c ir c u it
rev ersib le  counters but to  count a l l  p u lses d elivered  to  
them co in cid en t vo ltage  changes a t the up and down inputs  
had to  be avoided . This was achieved ty  generating  
a u x ilia ry  antiphase pu lse tr a in s  with a 1 to 3 mark space 
ra tio  and with a higher frequency than the input pulse tra ins*  
in  -this case 102 kHz. These a u x ilia ry  p u lses  were gated to  
the counter up and down inputs by th e d ig i t is e r  and reference  
pulse tra in s r e sp e c tiv e ly  so th a t a t  the expense o f a short 
variab le  delay , co in ciden t p u lses a t the counter were 
prevented, f i g  8.
5 .3*2 . An analogue sign a l was required to  d isp lay  the performance
of the system as the load  angle varied  and th is  was obtained  
by supplying an operational am p lifier  from th e d ig i ta l  
outputs of the counter through input r e s is to r s  o f appropriately  
weighted v a lu es . An o ff s e t  vo ltage  was app lied  to  the  
operational a m p lifier  to  compensate fa r  the r e s is to r  currents 
when the d ig i ta l  outputs were nominally a t  zero , f i g  12*
5*3*3* Three decades cf counting were provided so th a t w ith one 
input pulse tr a in  only connected counting occurred to  999 
fo llow ed  by rese t to  zero . This process was continued  
in d e f in it e ly ,  and from the oscillogram , f i g  10, 12V 
corresponded to  999 counts. From the constant o f th e  
d ig i t is e r  one count represented 0 .36° e le c t r ic a l  a t the  
sh a ft o f  th e  synchronous machine thus th e constant cf the  
analogue output was 0*36 x 999/12 » 30°/V*
5*3*4» With both inputs connected, the counter contents only changed 
when the input frequencies were d if fe r e n t . Thus i f  the  
counter was s e t  to  zero on synchronising the machine to  the  
busbars, thus f ix in g  th e  constant cf in teg r a tio n , i t  stayed a t  
zero u n t il  the load  angle o f the generator changed* When i t
*7
F ig i o .  A n a l o g u e  O u t p u t  o f  Lo a d  A n g l e.
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changed, th e  output o f the counter was d ir e c t ly  proportional 
to  the load angle , r e la t iv e  to  zero angle on synchronising, 
as given by the constant above*
5*3*5* To accommodate negative a r g le s , zero counter contents was 
detected  w ith an OR gate and the up and down pu lse tra in s  
interchanged by the next negative p u lse , perm itting th e counter 
to  count up from zero but with an output from f l i p  f lo p  S, 
f i g  11, in d ica tin g  the changed sign* This output was used 
to  reverse the p o la r ity  o f th e load angle analogue s ig n a l 
obtained from the d ig i ta l  to  analogue convertor, f i g  12*
5*3*6* Construction and operation o f  the load angle measurement system 
was straightforw ard but ca refu l earthing and adequate 
decouping of the d .c . supply r a ils  t o  th e  in tegrated  c ir c u its ,  
was e s s e n t ia l  to  avoid miscounting* At the sane tim e to  
ensure sign  changing occurred without lo s s  o f count i t  was 
n ecessa iy  to  delay the p u lses to  be counted while the gates  
d irectin g  the pu lses assumed th e ir  correct sta tes*  A dditional 
NAND gates provided t h i s  delay most econom ically and allow ed  
the sign  rev ersa l to  take place before p u lses passed to  
the counter inputs*
5*A* Measurement of Load Angle Rate o f Change
5*A*1* The frequency d ifferen ce  between th e ro tor  and busbar pulse  
ra te s  was determined usin g  sim ila r  techniques to those  
described in  the previous section* The pulse tra in s  
were applied to the up and down inputs o f a rev ersib le  
counter as before but the counter contents was used to  
con tro l the output of a binary r a te  m u ltip lier  (BRM) 
r e f  30*
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5 .4*2 . A BRM, when supplied with a reference pulse tr a in , em its 
pu lses corresponding to  the value of d ig i t a l  number 
applied  to  i t s  g a tes . The average frequency of the output 
i s  proportional to  th e  input d ig ita l  number. In t h is  case 
a s ix  b it  binary rate m u ltip lier  was used in  conjunction  
with the a u x ilia ry  o s c i l la to r  o f 102 kHz so th at the average 
output frequency fo r  a d ig i ta l  number, n ,  was.
102 x 103 102------------- . n  « x 10 . n Hz.
26 64
5.4*3* The output from the BRM was then used to  eq u a lise  the
pulse tr a in s  arriv in g  a t the counter by ca n ce llin g  p u lses  
from e ith e r  the d ig i t i s e r  or the busbar pu lse tr a in ,  
whichever had the greater  frequency. Steady conditions 
were e sta b lish ed  when the counter input freq u en cies were 
equalised  g iv in g  constant counter contents and hence a 
constant BRM output frequency, equal to  th e  d ifferen ce  
between d ig i t i s e r  and busbar pulse tra in  frequencies*  The 
counter contents was thus proportional to  the frequency 
d ifferen ce  and hence to the load angle rate o f change, and 
in  th is  case was the s ix  b it  d ig i ta l  number, n , above.
5 .4*4 . The r e la t iv e ly  slow changes in  load angle which occurred  
a t the synchronous machine resu lted  in  q u ite  sm all 
v a r ia tio n s  in  the output frequency of th e increm ental 
d ig i t i s e r .  Thus i f  th e  rotor swung forward by as much- 
as 90° e le c tr ic a l  in  0.2(jj an average of only 1250 p u ls e s /s  
was added to  the nominal output of 50,000 p u lse s /s*  To 
enable these sm all changes in  frequency to  be measured i t  
was n ecessaiy  to reduce the step s in  vhich the output o f  the  
BRM could be v a r ied . This was done w ith a d ig i t a l  frequency  
d iv id er  which reduced th e  BRM output frequency by a fa c to r  
of 40*
Hence average output frequency = 102 x 103 • n
40 x 64 
= 39*9 • ti Hz*
4a
5*4*5* This frequency d iv is io n  had a fu rth er  advantage in  th a t
i t  reduced the c y c lic  frequency v a r ia tio n  inherent in  the
output of the BRM. I t  thus reduced the noise in  the  
load angle ra te  s ig n a l used to  con tro l the e x c it e r .  C ircu its  
which introduced backlash, r e f  30, were a lso  t r ie d  to reduce the 
e f f e c t  of th e frequency v a r ia tio n  o f the BRM output but th e ir  
presence was undetectable in  comparison w ith  th e  d iv is io n  
by 4 0 .
5 .4*6 . "Whilst e n t ir e ly  sa t is fa c to r y  from a steady s ta te  view point
th is  method of measuring t ie  load angle ra te  o f change has a 
disappointing tra n sien t response as a delajr occurs w hile the
contents o f  the counter i s  charging. At the same tim e the
frequency d ifferen ce  to  produce the change g e ts  s te a d ily  
sm aller so the system approximates to  an exponentia l d e la y .
In t h is  case the time constant was 1/39*9 = 2.5 ms. This 
delay was larger than was o r ig in a lly  envisaged but resu lted  
from th e  need to  measure very sm all deviations from th e  
d ig i t i s e r  frequency o f 50 kHz. In p ra ctice  th is  method 
of measurement worked very w e ll and the delay introduced  
was r e la t iv e ly  sm all in  comparison w ith th e  natural period  
of o s c i l la t io n  of the rotor system, about 670 ms.
5 .4 .7 .  Other methods o f  measuring the frequency d ifferen ce  were
considered including the use of diode pump c ir c u its  r e f  33 
but th ese  were found to su ffe r  from serious d r if t  problems. 
D irect d if fe r e n t ia t io n  of the analogue load angle s ig n a l  
was a lso  examined but the output noise  l e v e l  was objection ably  
high . Thus the d ig i ta l  BRM method of measuring load angle  
rate was adhered to  and i t s  inherent delay accepted.
5 * 4 .8 . The load angle rate measurement c ir c u i t ,  f i g  13, was combined 
with the load angle c ir c u it  and made use o f th e same antiphase  
pulse tra in s  t o  avoid  co in cid ent pu lses being fe d  t o  the  
counter. To permit p o s it iv e  and negative ra tes  to  be 
measured, zero counter contents was d etected  with an OR gate  
and the inputs to  the counter reversed fo r  negative r a te s ,  
the se ttin g  of a f l i p  f lo p  in d ica tin g  th e negative s ig n .
As fo r  the load angle c irc u it  the d ig ita l  output was 
converted to  an analogue s ig n a l ,  the s ig n  o f which was 
con tro lled  by the f l i p - f l o p ,  f i g  1 4 . A f i l t e r  was included  
in  t h is  case to  smooth the analogue output because cf the  
fewer b it s  used in  the d ig i t a l  c ir c u it#
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5*4.9* O scillogram s, f i g  15, show the performance o f the c ir c u it
w ith th e busbar pu lse tr a in  only connected to the input and 
with the same pu lse tr a in  supplied to the BRM with no 
frequency d iv id er  at the output* The e s s e n t ia l ly  exponential 
fo m  cf the tra n sien t response can be seen* Under the same 
conditions b u t with th e  normal input to  the BRM and vdth the 
frequency d iv id er  included only the i n i t i a l  part o f th e  
exponential curve i s  d isp layed . From th is  oscillogram  an 
analogue output vo ltage  cf 10 .2  V represented a f u l l  counter  
i . e .  63 counts# Now one count represented a load angle 
rate cf change o f 39*9 x  360/IOOO * 14*4° e le c / s  
= 0.251 rad e le c / s  hence the constant of the analogue 
voltage output was 0.251 x  63 /10 .2  = 1*55 rad e lec /s /V *
LABORATORY EXPERIMENTAL SYSTEM 
6 .1 . E le c tr ic a l Machines
6 .1 .1 .  A diagram o f the control system s e t  up in  the laboratory  
i s  shown in  f i g  16. The machine under t e s t  was a 4  pole  
2*75 kVA synchronous generator the sh aft of which was 
connected through a coupling o f high to r s io n a l s t i f f n e s s  
to  a 1500 rpm, 10 h .p . d .c .  shunt motor.
6 .1 .2 .  The synchronous machine had a ro ta tin g  f i e l d  w ith a round 
rotor and could be synchronised, through a d d itio n a l reactance  
i f  req u ired , to  50 Hz busbars. The ro to r  winding was 
o r ig in a lly  of d e lta  form w ith  only two of the term inals 
brought out to  s l ip  r in g s  so that the c lo sed  c ir c u it  
provided damping o f rotor o s c i l la t io n s .  To reduce the 
inherent damping o f th e  machine to a minimum, the rotor  
winding section s were reconnected to  elim in ate  the closed.
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6#1#3* E nergising the d .c .  machine armature from a constant
vo ltage  supply would have introduced a d d itio n a l inherent 
damping as sm all speed changes would have produced large  
current changes, and hence large torques tending to  oppose 
the speed changes and thus damp the system# This form of  
damping was avoided by supplying the armature through se r ie s  
res is ta n ce  from a r e la t iv e ly  high voltage supply# The 
magnitude and d ir e c tio n  of the d#c# machine torque was then  
co n tro lled  by va iy in g  th e excita tion #
6.1*4* The to ta l  armature c ir c u it  res is ta n ce  was 4  Q
w ith a 240 V supply, so th a t w ith zero e x c ita t io n  the armature 
current was 60 A regard less o f the motor speed# The motor was 
designed fo r  a 100 V supply thus a t  normal speed and roughly 
h alf e x c ita t io n  th e  emf was 50 V g iv in g  an armature current 
of (240 -  50)A  » 47-5 A and a gross mechanical power o f  
50 x 47*5 = 2#37 kW* Under th ese  conditions a 1 per cent 
change in  speed produced only a 0 .27  per cent change in  current 
and hence in  torque* Thus the damping introduced was v e r y  
: sm all in  comparison w ith th a t produced by the e x c ita t io n  
contro l and fo r  most purposes could be neglected#
6#1#5# Occasional v a r ia tio n  of the motor e x c ita t io n  was by a sim ple 
potentiom eter but continuous v a r ia tio n  fo r  frequency response 
t e s t in g  was obtained by supplying the f i e l d  from a power 
am p lifier  w ith  an input from a waveform generator#
Thyristor E xciter
6 .2 .1 .  A f u l ly  co n tro lled  three phase bridge r e c t i f i e r  was used
based on a Mullard d esig n , r e f  34, f i g  17» The r e c t i f i e r  
was b u ilt  some years ago and the design dates from 1966#
Thus i t  was not rep resen tative  o f current co n tro lled  r e c t i f i e r  
designs, and sev era l problems were experienced in  i t s  operation*
6#2#2# The gate p u lses were timed in  r e la t io n  to  th e  v o lta g e  zeros  
of the supply waveform so "that fo r  correct phasing o f  the  
pu lses i t  was e s s e n t ia l  th a t th e  supply waveform was undisturbed  
by the flow  o f current to the load# With the tr ig g e r  c ir c u i t s  
energised  from the secondaiy of th e  r e c t i f i e r  transform er th e  
f ir in g  of the th y r is to r s  was most irreg u la r  and co n tro l o f the  
e x c ita t io n  current was unpredictable# The problem was la rg e ly
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overcome by en erg isin g  the tr ig g e r  c ir c u its  from the 
primary of th e r e c t i f i e r  transformer so the vo ltage  sensed  
was unaffected  by th e vo ltage  drop in  the transform er 
reactance*
6*2*3* The turn-on of in d iv id u a l th y r is to r s  was gen erally  u n reliab le  
p a r tic u la r ly  under low current conditions* This probably 
resu lted  from the use cf in d iv id u a l gate c ir c u it  blocking  
o s c i l la to r s  which d elivered  p u lses to  the gates o f  th y r is to r  
p airs at s l ig h t ly  d if fe r e n t in sta n ts  even though cross-cou p lin g  
o f th e  blocking o s c i l la t o r  co n tro l c ir c u i t s  was used* The 
problem was p a rticu la r ly  marked during regeneration  and 
short c ir c u it s  were frequent in  sp ite  of the use cf 'end-stop 1 
pulses* Some improvement was g iven  using the * fir s t pu lse  
turn on technique * r e f  35 > and gen era lly  the e x c ite r  worked 
often  enough and w e ll enough fo r  v a lid  r e s u lt s  to  be obtained*
6*2.4* The e x c ite r  was co n tro lled  by a small p o s it iv e  input vo ltage  
and the tra n sfer  c h a r a c te r is t ic  when feed in g  the synchronous 
machine f i e l d  winding i s  shown in  f i g  18.
6*2*3* The h igh  inductance of the f i e l d  winding r e su lted  in  smoothing 
o f the f i e l d  current but the a sso c ia ted  flu x  ra tes  o f  change 
induced s ig n if ic a n t emf s in to  the synchronous machine s ta to r  
winding* F ig 19 shows th e  s ta to r  emf a t  s t a n d s t i l l  and a t  
normal speed* T/Then synchronised to  the busbars the emf 
waveform resu lted  in  a fa r  from sin u so id a l current waveform 
as shown in  Fig 20* The in trod uction  of a d d itio n a l reactance  
between the generator and busbars reduced th e  flow  of current 
harmonics but the use o f an e x c ite r  w ith a greater  number o f  
phases and a higher frequency a .c*  supply could w e ll  be 
ju s t i f ie d  to  produce a fu rth er  reduction*
6*2*6* The r e la t iv e ly  long t in e  constant of th e f i e l d  r e su lte d  in
tra n sien t f i e l d  current changes as shown in  F ig  21* The f i e l d  
time constant was e f f e c t iv e ly  reduced, fo r  sm allexcursions  
of th e  f i e l d  current, by applying current negative feedback  
around -the exciter*  The current le v e l  was sensed by a 
1 Q r e s is to r  in  th e f i e l d  c ir c u it  and th e r e su lt in g  vo ltage  
was used to  oppose th e  input voltage t o  an operational am p lifier  
providing the s i g i a l  to  th e  e x c it e r ,  F ig  22. The tra n sien t
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response produced i s  shown in  f i g  2 lfr o m  which i t  can he 
seen th at the time constant was about 4  ms in stead  o f the  
o r ig in a l 100 ms* This was in  reasonable agreement w ith  
the th eory , appendix 12.2* Note th a t th e vo ltage  waveform 
shows th a t downward changes in  the f i e l d  current were forced  
by a negative f i e l d  voltage so that regeneration occurred and 
f i e ld  energy was returned to  the supply.
6*2*7* The a .c .  supply t o  the e x c ite r  was 475 V g iv in g  a maximum
p o ssib le  d*c* output o f 640 T, 3 tim es the no load e x c ita t io n  
voltage  of th e  synchronous machine. Thus a t th e  no lead  
e x c ita t io n  le v e l  only a fu rther 10 per cent in crease in  the  
current was p o ss ib le  a t  th e maximum rate of change. Larger 
in creases were a t a lower rate  o f change because of* 
sa tu ration  of the e x c it e r ,  however due t o  the e x c i t e r ’s 
regeneration c a p a b ility , reductions by 20 per cen t were 
p o ssib le  a t  the f u l l  speed.
6.3* Control and Instrum entation
6 .3*1 . The incremental d ig i t i s e r  was mounted a t the free  end of the 
synchronous machine sh a ft and connected to  i t  by a f le x ib le  
coupling of high to rs io n a l s t i f f n e s s .  The d ig i ta l  e le c tr o n ic s  
was mounted adjacent to  th e  d ig i t i s e r ,  F ig 23, so no s p e c ia l  
transm ission l in e  techniques were required fo r  the s ign a l 
however a tr a n s is to r  stage was included to  reduce th e  vo ltage  
amplitude o f the pulse tr a in  to  + 5 V to  match i t  to  the  
the supply le v e l  o f the in tegrated  c ir c u i t s .
6 .3*2 . The d ig i ta l  e le c tr o n ic s  gave vo ltage outputs proportional 
to  lead  angle and load angle r a te . The load angle rate  
s ig n a l was used to  con tro l th e e x c ite r  but to  maintain  
damping for both motoring and generating conditions the 
s ig n a l was f i r s t  passed through a fu rther e le c tr o n ic  
reversing sw itch co n tro lled  by the sign  of the load angle 
measurement, f l i p  f lo p ,  S, f i g  11. The operational 
a m p lifier , which provided the e x c ite r  con tro l s ig n a l,  was 
fed  w ith  a reference v o lta g e  to  e s ta b lish  the stead y  s ta te  
operating conditions and w ith the load  angle rate  s ig n a l  
to  provide the damping, Fig 2 4 .
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Apparatus
6.3*3* The r e s is to r  v a lu es , used in  conjunction w ith the
operational a m p lif ie r s , were chosen to  produce the required  
loop ga in  fo r  the co n tro l system. However a potentiom eter  
was a lso  included to  permit adjustment cf th e  damping 
introduced. A su ita b le  ga in  was estim ated from equation 2 
to  produce approxim ately c r i t i c a l  damping a t a load  angle 
o f 30°, see appendix 12.3* The system constants used were 
obtained from the natural period of the ro tor  o s c i l la t io n ,  
from open and short c ir c u it  t e s t s  cf the synchronous machine 
and from the c h a r a c te r is t ic s  of the e x c ite r  and o f the 
d ig i t a l  e le c tr o n ic s .
6*3*4* The lin e  current cf the synchronous machine was examined 
using a current transformer loaded w ith a 1 Q res is to r*  
A dditional reactance could be switched in  s e r ie s  w ith the  
l in e s  and the resu lt in g  vo ltage changes a t  ths l in e  term inals  
o f the synchronous machine could be examined w ith a voltage  
transformer feed in g  a s ix  phase r e c t if ie r *  The r e c t i f i e r  
output had capacitor smoothing, F ig  25, and could  be used to  
provide voltage con tro l of the e x c ita t io n , see appendix 12*4#
7* LABORATORY TESTING- WITH SHAFT TORQUE VARIATIONS
7*1* Synchronisation and Zero S e ttin g  of th e  Load Angle Measurement;
7*1.1* For the system , as described  so  fa r , i t  was necessary to
synchronise the synchronous machine to  the busbars w ithout n 
the a id  of th e  lo a d  angle rate control* On com pletion of 
synchronisation the load angle measurement was s e t  to  zero  
and rate con tro l introduced. The §ystennwas then ready f o r  
te stin g *  A production system would use a marker pu lse  from 
the increm ental d ig i t i s e r  which would be a lign ed  on assembly 
to  g iv e  a d ir e c t  in d ica tio n  o f  zero load angle* Thus the 
. rate con tro l could be introduced a t  an early  stage to  aid  
synchronisation*
7*1*2. With the in trod u ction  of ths lo a d  angle ra te  co n tro l,
increased damping of "the system was immediately ev ident  
but th e  tran sien t response fo r  a s tep  change in  sh a ft  torque  
was apparently d ifferen t fo r  motoring con d ition s than fo r
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sim ila r  generating conditions* This could only be accounted  
fo r  i f  the zero load angle point was s ig n if ic a n t ly  d if fe r e n t  
from the synchronisation condition*
7*1*3* On synchronising, -the power flow  in  the machine l in e s  was zero  
but dus to  harmonics an appreciable current flowed* The 
conductor lo s se s  were supplied by the synchronous machine 
so i t s  rotor was in  advance of the zero load angle p osition *  
True zero load angle, occurred when a sm all power flowed from 
the busbars to th e synchronous machine to  supply th ese lo sse s*  
There was no way o f  determ ining th is  d ir e c t ly  but i t  was 
e ss e n t ia l to  f i x  i t  with some accuracy to  ensure the correct  
sign  changing of the load angle rate s ig n a l and hence 
e f fe c t iv e  damping in  the v ic in i t y  o f  zero load angle*
7*1*4* The techhique used was to s e t  th e  load angle measurement to  
zero fo r  in creasin g  values o f power flo w  from the busbars 
to  the synchronous machine* In each case the rotor tr a n s ie n t  
was observed fo r  a sh a ft torque change th a t took the 
synchronous machine from a generating power on one s id e  of 
the zero con d ition  s e le c te d , to  an equal motoring power on 
the other s id e  and v ice  versa* True zero load angle was 
e sta b lish ed  when id e n t ic a l tran sien t responses were obtained  
f i g  26. For th e  2*75 kVA machine with i t s  th y r is to r  e x c it e r ,  
the true zero load angle corresponded to  a flow  of 900 W 
from the busbars to  the synchronous machine*
General Behaviour w ith Transient Torque Changes
7*2*1* ¥ith out e x c ita t io n  con tro l th ere was very l i t t l e  damping 
present in  the system* The response to  a sudden torque 
change is  shown in  f i g  27 and i t  can be seen th at the decay 
of the resu ltan t o s c i l la t io n  i s  barely  detectab le*  The load  
angle rate of change sign a l has roughly the correct form and 
lead s the load angle v a r ia tio n  by an angle s l ig h t ly  le s s  
than 90° due to  the delay in  th e  BRM c ircu it*  I t  can be 
seen th a t the ra te  s ig n a l was a sso c ia ted  with appreciable  
noise at a frequency of 25 Hz* This was presumably due to  
e c c e n tr ic ity  error in  th e  increm ental d ig i t i s e r  r e s u lt in g  
in  an' output component a t a frequency corresponding to  th e  
speed of rotation* Waveform a n a ly sis  cf the d ig i t i s e r  output 
showed th e  presence of th is  25 Hz component w ith an amplitude 
which was 5 per cent cf the 50 kHz signal*
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.2*2# For the synchronous machine ro tor  swinging about
true zero load  a n g le , the sign  rev ersa ls  o f the rate  sign a l 
can be seen  each time the load  angle passes through zero, 
f i g  27* These ensured th a t the ra te  s ig n a l provided 
p o s it iv e  damping under a l l  conditions*
2*3* The e f fe c t  of the rate feedback i s  shown in  F ig  28*
The ra te  s ig n a l gain potentiom eter was adjusted so th a t the 
load angle change away from zero was v ir tu a l ly  c r i t i c a l ly  
damped but as expected th e damping was much reduced when the  
load a rg le  changed back to  zero* However even fo r  th is  
d if f ic u l t  condition  where the damping was a minimum, the 
e x c ita t io n  con tro l improved considerably on the system without 
control*
2*4* For tran sien t ctanges at large load a r g le s ,  w e ll away from 
zero load an g le , the damping was considerably in creased ,
F ig  29, but again the damping was greater fo r  in creasin g  load  
angles than fo r  decreasing load angles*
2.5* The e x c ita t io n  v o lta g e  under tra n sien t cond itions appears in  
Fig 30* For the tra n sien t away from zero very l i t t l e  change 
in  the e x c ite r  v o lta g e  was necessary for con tro l to  be 
exercised* Only a t  zero load angle was the f h l l  output 
o f  the e x c ite r  employed*
2*6* F ig  31 shows th e lin e  current waveform when the load angle  
rate feedback was in  operation* I t  can be seen th a t even  
under steady s ta te  conditions the current waveform was . 
considerably changed* The regular waveform d is to r t io n s ,  
r esu ltin g  from the use of th e  th y r isto r  e x c it e r ,  became 
com pletely irregu lar  and random, and the measured lin e  
current increased* The in crease  was only about 15 per cent 
urder loaded conditions but the no load  current was increased  
2 or 3 times* The pcwer flow  did not change s ig n if ic a n t ly  
so the increased current was p a rtly  due to  the current 
v a r ia tio n  necessary to  maintain the damping and p a r tly  due 
to  the harmonics produced by th e  no ise  o f ths lo a d  angle  
rate s ig n a l*  I t  i s  th u s important th a t th e n o ise  l e v e l  
of the rate sign a l i s  as low as p o ss ib le  i f  e f f i c i e n t  
operation of the synchronous machine i s  to  be maintained*
Under tran sien t conditions the l in e  current increased
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so as to  provide the energy tra n sfers  necessary to  con tro l 
the rotor movement however the current le v e ls  experienced  
were not excessive#
Frequency Response
7*3*1* The sm all s ig n a l frequency response was obtained by
energisin g  the f i e l d  cf th e  d .c .  motor w ith  a constant 
supply from a potentiom eter in  s e r ie s  w ith  the output from 
a power am plifier# The am p lifier  was fe d  from a variab le  
frequency sine wave o s c i l la to r  and superimposed a sm all 
v a r ia tio n  on th e  steady current le v e l  s e t  by the potentiom eter  
I t  was thus p ossib le  to in v e s tig a te  the small s ig n a l frequency  
response o f th e  synchronous machine con tro l scheme fo r  any 
loading conditions by comparing the d .c . machine e x c ita t io n  
v a r ia tio n  w ith tb s corresponding load angle change#
7*3*2# To f a c i l i t a t e  amplitude and phase angle comparisons the
input ( f i e ld  current) and output (load  angle) waveforms were 
photographed but the load angle v a r ia tio n  was o ften  fa r  from 
s in u so id a l, F ig  32, so i t  was d i f f ic u l t  to ensure th at the 
comparisons were va lid #  Thus when drawing the frequency  
response curves, F ig 33, considerable a r t i s t i c  lic e n c e  was 
employed as the accuracy of the in d iv id u a l p o in ts  was not 
l ik e ly  to  be very high# Allowing fo r  the accuracy o f th e  
readings the r e su lts  g ive  reasonable confirm ation th at fo r  
small s ig n a ls  th e  system can be regarded as a simple second 
order delay#
7*3*3* The variab le  frequency o s c i l la t o r  had an a lte r n a tiv e
square wave output so the opportunity was taken to  examine 
the small s ig n a l tra n sien t response over a range of operating  
con d ition s, f ig  3^ f* The r e s u lt s  again confirmed the  
e s s e n t ia l ly  second order behaviour of the system w ith  the  
damping increasing the fu rther the load angle moved away 
from zero# However the d ifferen ce  in  th e motoring and 
generating behaviour appears to be v e iy  much more marked 
than fo r  -the frequency response te s ts#
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8. LABORATORY TESTING- WITH LIKE REACTANCE VARIATION 
8.1# Line Reactance In sertio n  and Removal
8.1#1# For th ese  t e s t s  th e  torque' of the d .c .  motor was held
constant and switched charges were made to  the reactance  
connected in  the lin e s between the synchronous machine 
and the busbars# For th e  previous t e s t s  there was l i t t l e  
point in  monitoring the term inal vo lta g e  of the synchronous 
machine as. i t  was th e  same as  th e  busbar v o ltage  and 
remained v ir tu a lly  constant# However w ith a d d ition a l 
reactance in  th e l in e s  the term inal voltage was fr e e  to  
vary and the v o lta g e  tra n sfo rm er-rec tifier  u n it was employed 
so th a t the v a r ia tio n  could be examined#
8.1 .2#  The synchronous machine was synchronised w ith the busbars 
and a load applied by adjusting th e e x c ita t io n  o f th e  d.c# 
machine# Reactance was then in serted  in  the l in e s  between 
the synchronous machine ard the busbars by opening the short 
c ir c u it in g  switch# Without e x c ita t io n  con tro l the in se r t io n  
of reactance caused an increase, in  the load angle and 
provoked a continuous o sc il la t io n #  With e x c ita t io n  
contro l the o s c i l la t io n  was as e f f e c t iv e ly  damped as i t  had 
been fo r  torque d isturbances, f i g  35»
8.1#3* From f i g  35 i t  can be seen th a t the magnitude o f  the load  
angle change corresponded to  the to t a l  power flow in g  in  
the l in e s ,  but that the form of the tran sien t depended on 
the load angle r e la t iv e  to  th e true zero load arg le  condition#  
Thus fo r  both motoring and generating t e s t s  the load angle  
. change was the same but the damping was greater  fo r  the 
large load  angle (generating) case than fo r  th e  sm all load  
angle (motoring) case# Presumably the a d d itio n a l l in e  
reactance, by reducing th e flow  of harmonic current, reduced  
the power flow  corresponding to  zero load an gle , but th is  
point was not in vestigated#
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8*1*4* Fig 36 shows th e  term inal vo ltage v a r ia tio n  a sso c ia ted  
with the lin e  reactance sw itchirg and the e x c ita t io n  
control* With th e  reactance sh o r t-c ir cu ite d , the 
voltage v a r ia tio n  was very sm all as would be expected  
fo r  low impedance busbars* With th e  reactance included, 
continuous v o lta g e  changes occurred o f about -  2 per cent 
of the steady s ta te  va lu e , produced by the e x c ita t io n  
control* During the tran sien t period a f t e r  the sw itching  
o f the reactan ce, the voltage rose as much as  20 per cent 
above the steady s ta te  value to  produce the current flow  
necessaiy  to  damp to  rotor movement*
8.1*5* The form of the voltage v a r ia tio n  in  f i g  36 i s  unexpected, 
in  th a t a l l  vo ltage  reductions appear to  occur a t  a uniform 
rate* This suggests a v e iy  high smoothing time constant 
a t the output of th e  vo ltage tra n sfo rm er-rec tifier  u n it ,  
perhaps 3 S* The smoothing components were in  fa c t  2 |jF 
and 5*6 kQ g iv in g  a time constant of 11 ms and examination o f  
the output under steady sta te  cond itions confirmed t h is  value* 
The only explanation  th a t seems p la u sib le  i s  th a t the 
5*6 kfl r e s is to r  became disconnected and th e discharge  
path fo r  the capacitor was through the o sc illo sc o p e  input 
w ith a res is ta n ce  of about 1 MO • However th is  conclusion  
i s  contradicted  by F igs 37 and 38 which were obtained without 
a lte r in g  the smoothing components o f the voltage sen sin g  
c ir c u it  and which show th is  slow vo ltage  reduction only when 
angle ra te  con tro l was in  use alone* Thus i t  seems p o ssib le  
th a t th e  e f f e c t  i s  an unexpected consequence of the angle  
rate con tro l scheme*
8 .2 . System Operation in  Conjunction w ith  a Voltage Regulator
8*2*1* For the vo ltage  regulator to  ex erc ise  con tro l over the
term inal v o lta g e  of the synchronous machine i t  was e s s e n t ia l  
th a t some reactance always remained between the term inals  
and the busbars* Hence for th is  s e r ie s  of t e s t s  only a 
sec tio n  o f th e  t o t a l  lin e  reactance was short c ir c u ite d  in  
order to  introduce a tra n s ien t disturbance in to  the system*
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8*2.2. Although no s t a b i l i t y  problems had been experienced
w ith  the computer sim ulation , o s c i l la to r y  in s t a b i l i t y  
immediately developed when an attempt was made to  run the 
system w ith  both  v o ltage  and angle rate regu lators operative*  
Time did not permit a f u l l  study o f the problem but in s t a b i l i t y  
was avoided by a considerable red uction  in  the loop gain o f  
the vo ltage regulator* The t e s t s  in  F igs 37 and 38 were 
conducted with gain o f  4  which seems exceed ingly  low but the 
regu lator appeared to  ex erc ise  a worthwhile check on the 
term inal vo ltage  excursions#
8*2*3# F igs 37 and 38 show th a t when a lin e  reactance change was made 
a continuous o s c i l la t io n  resu lted  i f  only the v o lta g e  regu lator  
was operative# The vo lta g e  regulator d id  not appear to  
contribute to  the system damping which was v e iy  low but i t  did 
maintain an almost constant te im in a l voltage* However a t  the 
same time i t  introduced appreciable harmonics in to  the voltage  
waveform sim ilar  to those already seen in  the current waveform 
with zero l in e  reactance#
8 .2 .4*  With boih regu la tors operative the damping was only
s l ig h t ly  le s s  than w ith the angle regulator alone* The 
vo ltage  regu la tor  r e s tr ic te d  the major d ivergen cies o f the  
term inal v o lta g e  but a t the same time added a random va r ia tio n  
in  th e  amplitude o f the term inal vo ltage  of as much as 
-  5 pen cent of the steady s ta te  value*
*77
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SIMPLE PREDICTION OP TRANSIENT BEHAVIOUR 
9*1* J u s t if ic a t io n  o f S im p lified  Approach
9*1*1• The two p o ss ib le  methods of in v e s tig a tin g  a complex
system are e ith e r  to  e s ta b lish  a d e ta iled  model which 
attempts to  represent th e  system in  f u l l  or a lte r n a t iv e ly  
to  id e n t ify  a simple structure which w i l l  rep resen t the 
e s s e n t ia l  fea tu res  only of the system under consideration*  
Although the con tro l scheme used here w ith  the synchronous 
machine was r e la t iv e ly  sim ple the system as a whole was 
high ly  complex w ith severa l time constants and non- 
l in e a r i t ie s  which must have in flu enced  the performance*
9*1*2* In ad d ition  to the time constant due to  the in e r t ia  of
the ro ta tin g  components, there were time constants r e s u lt in g
from a . the f i n i t e  res is ta n ce  of the a .c*  c ir c u it
b* the delay in  the load angle ra te  measurement
c* the inductance of the synchronous machine f i e l d
c ir c u it
d* the eddy current paths in  the ro to r  iron
e* the inductance o f th e  armature c ir c u it  of the 
d.c* motor*
9*1*3* N o n -lin e a r itie s  were present due to
a* the d isco n tin u ity  of th e  e x c ite r  output r e la t iv e  
to  the input
b* the d isco n tin u ity  in  the rate  s ig n a l
c* sa tu ration  o f the e x c it e r
d* f r ic t io n  a t the ro tor  sh a ft
e* the fundamental n o n -lin ea r ity  of th e  synchronous 
machine c h a r a c te r is t ic s
f* harmonics induced by the e x c it e r  in to  the 
a.c*  c ir c u it*
9*1*4* In sp ite  cf a l l  th ese  e f f e c t s  l ik e ly  to  in flu en ce  the
form of the tran sien t response i t  has already been seen  
th a t the response curves obtained appear very s im ila r  to  
those of a simple second order delay fo r  which the damping 
in creases w ith  the load  angle* This was not th e  case  f o r  
the computed curves, sec tio n  4*4 where d is t in c t  h igher  
order fea tu res can be d etected  in  the shapes*
9*1 *5* I t  seemed p ossib le  th a t the second order form o f  th e t e s t  
tra n s ien ts  was produced as a d ir e c t  r e su lt  pf the use of  
current negative feedback around the e x c it e r ,  a featu re  
which was not used fo r  most of the computed curves* The 
a p p lica tion  of negative feedback to  a p e r fe c t , in f in i t e  
gain e x c it e r  would make the f i e l d  current e n t ir e ly  
independent of emf s induced in to  th e  f i e l d  c ir c u it  e ith e r  
due to  armature current changes or due to  f i e l d  current 
changes, i*e* th e  tran sien t reactance of the machine would 
be th e  same a s  th e  synchronous reactance* For such a 
system the second order equations already derived could be 
expected to  provide a va lid  rep resen tation  of the behaviour#
9*1*6# To in v e s tig a te  how fa r  t h i s  conclusion  ap p lied  to  the
experim ental model i t  was d esirab le  t o  examine th e tra n sien t  
reactance cf th e  synchronous machine both with and without 
the current negative feedback app lied  to  the ex c iter*  The 
standard technique fa r  measuring tra n sien t reactan ce, by the 
a p p lica tio n  of short c ir c u it  t e s t in g ,  was employed and some 
of the r e su lts  are shown in  F ig  39* With th e  f i e l d  supplied  
from a b a t te iy , upper s e r ie s  o f waveforms, the tra n sien t r is e  
in  th e f i e l d  current can be seen w ith  the corresponding high  
amplitude armature current* However due t o  the sm all gain  
of the machine the tran sien t period was short* With the  
e x c ite r  con tro lled  by the reg a tiv e  feedback th e  form o f  the 
tra n sien t was m odified considerably* The amplitude 
disturbance o f  the armature current was much reduced and 
there was no large p u lse  o f  current in  the f ie ld *  The 
f i e l d  current was not held constant but t h is  appears to  have 
been a t  le a s t  in  part due to  fa u lty  tr ig g er in g  o f  the 
th y r is to r s  in  th e  ex citer#
9 *1*7* I t  seems h ig h ly  probable that w ith  the correct fu n ction in g
of the e x c ite r  the tran sien t reduction in  th e  synchronous
reactance would have been v ir tu a l ly  e lim in ated , in  p ractice
as w e ll as in  theory* Thus the sh ort c ir c u it  t e s t  r e s u lt s
encouraged th e  simpler approach t o  system  id e n t if ic a t io n  fo r
th is  p a r ticu la r  case w ith  a high impedance f i e l d  current
source* The lack of confidence f e l t  in  the frequency
response r e s u l t s ,  with which any th eo r e tic a l curves would be
compared, was a fu r th e r  j u s t i f ic a t io n  fo r  th is  approach*
I t  was th erefore decided to  in v e s t ig a te  the conformity of the
experimental r e s u lt s  with the small s ig n a l second order 
equation , equation 2# OJ
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• Comparison of T heoretical and Experimental R esults -  Torque Changes
9*2.1* In  sec tio n  4*2 expressions have been e s ta b lish e d  fo r  the
undamped natural frequency and the damping r a t io  fo r  sm all 
disturbances cf t h e . synchronous machine system* To 
ca lcu la te  the values of th ese  performance in d ices  a l l  load  
angles had to be expressed r e la t iv e  to  the true zero load  
angle con d ition  already determined* The parameters 
H, t ,  Y  and oo had p rec ise  values which could be 
rea d ily  determined and only fo r  Kd and X were the  
values in  doubt*
9*2*2* Both Kd and X were dependent on the m agnetisation
curve fo r  the magnetic c ir c u it  of the synchronous machine,
F ig  45 , which tended t o  f la t t e n  o f f  as the magnetic c ir c u it  
approached saturation* However most te s t in g  was done f o r  
load currents le s s  than 10 A so i t  was assumed th a t the  
i n i t i a l  l in e a r  portion  of the m agnetisation curve could be 
used to  determine X and a value o f 7*1 Q/phase was obtained.
9*2*3* Kd was th e  change in  the aimature emf per u n it change in  the  
load  angle rate* The constant fo r  the load angle ra te  
measurement system was e sta b lish ed  in  se c t io n  5*4* and. 
the gain  o f  the e x c ite r  was f ix e d  in  appendix 13*2# The 
remaining inform ation required was the v a r ia tio n  of the  
armature emf wiih th e  f i e l d  current i .e *  the slope of th e  
m agnetisation curve* At f i r s t  s ig h t i t  seemed appropriate  
to  take t h is  slope a t  th e  no load emf fo r  the p a r ticu la r  
t e s t  but i t  was quickly r e a lise d  th a t  t h i s  gave damping 
r a tio s  much sm aller than -those experienced in  practice*
The b e s t  agreement between p ra ctica l and th e o r e tic a l r e s u lt s  
was obtained by taking the i n i t i a l  slope of the m agnetisation  
curve in  i t s  unsaturated region*
9*2*4* This e f f e c t  can be explained by considering the mechanism 
by which the emf o f the synchronous machine i s  'produced*
The f i e l d  mmf sums v e c to r ia lly  w ith  th e  arm ature ramf to  
produce a r e su lta n t, which m agnetises the magnetic c ir c u it  
and hence induces the armature emf* This emf d i f f e r s  
from the terminal v o lta g e  only by the leakage reactance  
voltage drop and i s  q u ite  d ifferen t from the no lo a d  emf 
used in  the synchronous reactance concept o f  th e  synchronous
machine# With the machine d ir e c t ly  connected to the  
busbars, the load  emf was p r a c t ic a lly  constant as the 
leakage reactance was small# Thus th e damping process 
tak ing place in  the machine was prim arily th e v a r ia tio n  
of the f i e l d  mmf to  counteract the changing armature mmf 
as th e  lo a d  current varied , the resu lta n t mmf remaining 
almost constant# Mmf i s  d ir e c t ly  proportional to  current 
and satu ration  o f  the magnetic c ir c u it  was not involved#
9 #2#5* For the fo llo w in g  comparison of th e o r e t ic a l and experim ental 
r e s u lt s  Kd was taken to  correspond to  the unsaturated  
region of the m agnetisation curve, however from the above 
argument the in c lu s io n  of add itional reactance between the 
generator and the busbars must have r e su lted  in  greater  
v a r ia tio n  of the tru e armature emf and i t  was p ossib le  th a t  
satu ration  then had some e f f e c t  on the v a lu e  o f Kd#
9#2#6# From the parameter v a lu es , th e  undamped natural frequency
and th e damping ra tio  were ca lcu la ted  fo r  each o f  the loaded  
frequency response t e s t s ,  appendix 13*5* T heoretica l 
amplitude and phase frequency response curves were then  
p lo tte d  with the experim ental p o in ts superimposed, F igs 40 ,
41 and 42 . In view  of the unsinusoidal form cf th e  
disturbances r e su lt in g  from the frequency response t e s t in g ,
Fig 32, the agreement between the experim ental and th eo r e tic a l  
r e s u lt s  i s  good. For low frequencies the r ea l system  seems 
gen era lly  to  have a lower phase s h if t  than theory suggests  
but th is  i s  more l ik e ly  to have been a measurement error  
than a genuine discrepancy#
9#2.7* In F ig 43 the v a r ia tio n  cf the th eo re tica l and p r a c tic a l
damping r a t io s  w ith  load arg le  are compared# Agreement i s  
not p a r ticu la r ly  good but i t  i s  exceedingly d i f f i c u l t  to  
make a va lid  estim ation  of th e  damping r a t io  from th e  
tran sien t load  angle charges o f  Fig 34 due to  the n o ise  
superimposed on the traces#
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9*3* Comparison o f T heoretica l and Experimental Results*
Reactance Changes
9*3*1* The in troduction  and removal o f reactance from the
system changes tbs frequency o f o s c i l la t io n  and a lso  
the damping ratio#  T heoretical and measured values  
corresponding to F igs 35 and 36 are compared in  F ig  44  
and again  the agreement i s  qu ite  reasonable*
9*3*2* I t  is  d i f f ic u l t  to  a sse ss  whether the increased  lin e
reactance reduces the value of Kd as would be expected  
from th e explanation in  sec tio n  9*2*4* However the 
tra n sien t response curves under generating conditions  
do tend  to  support th is  view*
9*3*3* The system behaviour with the voltage regu lator was 
not amenable t o  simple ca lcu lation *  Id e a lly  the  
computer should have been used to  check th e performance 
but circum stances did not permit th is*  N evertheless  
the increased  frequency o f o s c i l la t io n  can b e  seen f o r  
the system without damping and the increased  overshoot of 
the tra n s ien t response shews the reduced damping r a tio  
when the damping was combined with the vo ltage  regulator*
10. SYSTEM .APPLICATION
10.1  System Improvements
10*1.1 There are a number of obvious weaknesses in  the system  
so fa r  described and before i t  could be used in  any 
p r a c tic a l a p p lica tio n  th ese  would have to  be overcome*
1 0 .1 .2  The most serious d e fec t i s  probably the poor performance
a t large  load a n g les . Under these conditions the loop ga in  
i s  high and the system i s  very responsive t o  sm all changes 
in  e x c ita t io n  due to  n o ise  in  the system . The performance 
could be considerably improved by arranging fo r  th e  load  
angle rate s ign a l to  b e  reduced in  magnitude as th e  load  
angle in crea ses. The arrangement should be such that th e  
damping r a tio  stays roughly constant fo r  a l l  load angles  
away from the zero load  angle v ic in ity *
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10*1*3 N oise in  the system i s  a lso  objectionab le because of
the continuous flo w  of harmonic currents which i t  produces 
which lower th e e f f ic ie n c y  of the synchronous machine*
Most of the n o ise  was introduced a t  the o p tica l increm ental 
d ig i t i s e r  and s p e c ia l techniques have been developed which 
can reduce th is  noise to a minimum, r e f 36• These techniques 
are expensive b u t would be worthwhile i f  a large machine was 
to  be controlled*
10*2 A pplication  to  Large Machines
10*2*1 The laboratory machine was o f round rotor  con stru ction
whereas the m ajority of synchronous machines, apart from 
tu rb o -a ltern a to rs, are cf s a l ie n t  po le  fora* There i s  no 
reason to  suppose th at the con tro l scheme described  here 
would be s ig n if ic a n t ly  l e s s  e f f e c t iv e  when; app lied  to  a 
s a l ie n t  pole machine# The simple theory employed would 
be le s s  v a lid  but the computer sim ulation  was carried  out 
w ith Xq » 0*7 Xd to  represent sa lien cy  and the
e x c ita t io n  con tro l was found to  be ju st  as e ffe c t iv e *
10*2*2 A more important aspect i s  th e magnitude of the f i e l d  time
constant in  r e la t io n  to  the natural frequency o f o s c i l la t io n  
governed by the in e r t ia  constant, if ,  and the synchronous 
reactance X* For the laboratory machine the f i e l d  time 
constant was about 0*1 s w ith  H of 4  s and X 0*4 p * u .; 
fo r  a large sca le  machine appropriate values might be 
f i e l d  time constant I s ,  H = 5. s and X = 1 p*u* The 
. period of o s c i l la t io n  of a f u l l  sca le  machine would thus 
be rather longer but th e  f i e l d  time constant would be 
considerably greater than fo r  the t e s t  machine* Again 
the computer sim ulation  used parameters appropriate to  
a large machine and sa tis fa c to r y  co n tro l was ex erc ised  
by the lead  angle rate signal#  Some lim ited  t e s t s  were 
conducted w ith the laboratory machine w ith  an increased  
f i e l d  tin e  constant and no adverse e f f e c t s  were observed#
Thus i t  seems l ik e ly  th a t th e con tro l scheme could be 
adapted t o  a f u l l  s iz e  machine without major m odification#
10*3 A pplication  to  Synchronous Motors
10.3*1 This would appear t o  be p o te n tia lly  the most promising
a p p lica tio n  of the system . To take f u l l  advantage o f th is  
p o te n tia l th e  motor should be designed w ith the con tro l 
scheme in  mind. Such a motor would be s ta r ted  w ith  a short 
c irc u ited  f i e l d  winding, r e f  37 > and run up towards synchronous 
speed as an induction  motor. When c lose  to  synchronous speed 
the f i e l d  short c ir c u it  would be removed, the e x c ita t io n  
switched on and the e x c ita t io n  con tro l would th en  ensure 
rapid synchronisation . Transient load changes would 
th er e a fte r  be damped by the e x c ita tio n  co n tro l so the  
system could fu nction  e n t ir e ly  s a t i s f a c t o r i ly  w ithout apy 
requirement fo r  a damping w inding.
1 0 .3* 2.A1 te r  n a tiv e ly  th e  e x c ita t io n  control could be used to  supplement 
in s u f f ic ie n t  damping produced by an inadequate damping winding 
on an e x is t in g  motor.
10.3*3 The damping provided would be p a r ticu la r ly  valuab le fo r
motors driving continuous processes such as paper or s tr ip  
m il ls .  The damping would ensure the minimum disturbance  
to  th e product in  event o f  im pulsive loads appearing in  the  
process#
10*4 A pplication  to Synchronous Generators
10.4*1 In theory damping by e x c ita t io n  control can be app lied
to  a gem rator as simply and as e f f e c t iv e ly  as to  a motor
but in  p ra ctice  the s itu a t io n  i s  much more com plicated. 
Synchronous generators tend t o  be very much la rg er  than 
synchronous motors and conditions w ith in  the power system
to  which th ey  are connected are much more dependent upon
the way in  which th e  e x c ita t io n  i s  controlled#
10*4.2 Generators are operated with vo ltage  regu lators to  keep th e  
voltage a t th e  load w ith in  prescribed l im its  and th e  v o lta g e  
a t th e  generator w ith in  the vo ltage  ra tin g  o f th e  machine.
As has been seen e x c ita t io n  damping can be applied in  conjunction  
with a voltage regu la tor  bub carefu l op tim isation  o f th e  
relevant gains i s  e s s e n t ia l  to  avoid  in s t a b i l i t y  and ensure  
the f u l l  b e n e f it  cf th e  regu la tors i s  obtained#
qa
10*4*3*In th is  optim isation  process i t  i s  e s s e n t ia l  th a t  the 
a b i l i t y  of the generator to  cope with fa u lt  s itu a tio n s  
i s  not impaired* The vo ltage  regu la tor  must provide 
adequate voltage support in  event o f a fa u lt  a ffe c t in g  
part of the power system, with s u ff ic ie n t  current flow  
to ensure correct operation and d iscrim ination  of 
c ir c u it  breakers* However on clearance o f  the fa u lt  
the e x c ita t io n  damping would be l ik e ly  to  a id  recovery  
of th e  system to  normal synchronous operation* The 
f a c i l i t i e s  were not a v a ila b le  fo r  the laboratory te s t in g  
of the experim ental system under fa u lt  conditions*
lO .^ -^ F o r  most motor con tro l schemes i t  would be p e r fe c t ly  
adequate to  sense th e  frequency a t th e l in e  term inals  
in  order to  provide a referen ce frame fo r  the ra te  o f  
change of load angle measurement* The larger  s iz e  o f  
generators in  r e la t io n  to  power systems might require  
frequency sensing a t  a more d is ta n t point w ith in  the  
system* This would involve th e  use of a p i lo t  cable to  
transm it th e  phase inform ation but a fu rth er  in v e s t ig a tio n  
would be necessary to  a sse ss  the n e r its  o f  t h i s  kind o f  
scheme*
10*4 *5*With small rec ip roca tin g  engine generator in s ta lla t io n s  
supplying lo c a l  loads in  conjunction w ith  a large  power 
system , o s c i l la to r y  in s t a b i l i t y  problems sometimes a r is e ,  
r e f  38 g iv es  a ty p ic a l example* This would appear to  be 
the type o f s itu a t io n  to  which damping by e x c ita t io n  co n tro l  
could be applied simply and econom ically and f o r  which i t  
should produce an e f f e c t iv e  solution*
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CONCLUSIONS
11*1 *The work described  in  th is  th e s is  shows c le a r ly  th at in  sp ite
o f the unpromising c h a r a c ter is t ic s  o f the conventional synchronous 
machine a worthwhile increase in  th e ro tor  damping can be 
produced w ith a r e la t iv e ly  simple e x c ita t io n  con tro l scheme*
For a complete assessm ent, the scheme would have to  be app lied  
to  a f u l l  s iz e  machine but i t  seems l ik e ly  th a t i t  would be no 
le s s  e f f e c t iv e  than w ith the laboratory machine tested *
l l * 2*With a co rrectly  designed machine and e x c ita t io n  system no rotor  
damping winding would be required producing a u se fu l co st saving* 
A ltern a tiv e ly  the scheme could be app lied  where unforeseen  
o s c il la to r y  in s t a b i l i t y  problems would otherw ise make the machine- 
power system combination unworkable under cer ta in  conditions*
l l * 3*The a p p lica tio n  o f current negative feedback to  the e x c ite r  enables 
the damping introduced by the e x c ita t io n  con tro l t o  be estim ated  
to  a reasonable accuracy using a simple second order approximation 
to  the sm all disturbance equations*
11*4 *I t  i s  not a n tic ip a ted  th a t th e  scheme i s  l ik e ly  to  fin d  wide
application* I t  i s  probable th a t power system engineers would 
question  i t s  r e l i a b i l i t y  and would be reluctant to  permit the 
secu r ity  cf th e ir  systems to  be dependent upon i t s  action *
However i t  provides an a d d itio n a l f a c i l i t y  to  synchronous machine 
system designers which i t  i s  b e liev ed  should be borne in  mind and 
given serious con sid eration  when appropriate*
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APPENDICES 
13 #1 Symbols
The symbols used in  the equations and diagrams are shown
with the corresponding computer v a r ia b les  where appropriate#
D as D iffe r e n tia l operator d /d t .
E ts No load armature emf#
Ed sc Component of no load armature emf induced 
by d ir e c t a x is  f i e l d  winding
Eq s= Component of no load armature emf induced 
by quadrature ax is  f i e l d  winding
H s In e r tia  constant kWs/kVA
Id = Y5
£C D irect a x is  component of armature current
J e In ertia
K JS Gain constant dependent on operating conditions
Kd a: Ed per un it load angle rate o f change
Kq s Eq per u n it load angle ra te  of change
Pm SB Mechanical power input to  machine
Pe = 00CM xr E le c tr ic a l power input to  machine
Tf zt F ie ld  tim e constant s#
V xs Busbar voltage
Vd 3S
Y3
s: D irect a x is  component o f busbar vo ltage
Vq 3S \ EC Quadrature a x is  component of busbar vo ltage
Vt a Y23 £= Terminal voltage
Vf XE. F ie ld  vo ltage
Vr a Reference voltage
X a Synchronous reactance
Xd a D irect a x is  reactance of the machine
Xq a Quadrature ax is  reactance of the machine
XL a Reactance lin k in g  machine to  busbars
6 a Y2 = Load angle
A6 a Small change in  load angle
0) a Angular frequency r a d /s .
Y0 = Unit input to  computer sim ulation
13*2 ^esign of Current Negative Feedback E x cita tio n  System
*3r — AAA/VA
y  W W ---
——AAAA/v-
—j' ■ V W u p n
Field
WlKbWC
13*2.1 Let the e x c ite r  have an input vo ltage  eV w ith a 
mutual conductance g A/V.
Then the f i e l d  current = I f  = e g .
1 + T f D
13*2.2 For the operational am p lifier  w ith input vo ltage  Vr 
VR I f  e  0p~ + p"“ + R = 0
R1 2 3
*1
Hence I f  = -  VR R R___________ _________
(R2 V R3 g ) I 1 + R2 D
R2 + R^g
13*2.3 From f i g  18 g ■ ** 25 A/V and w ith Rg = R^  (56 K ft)
and w ith  R^  large (270 K ft) to  reduce the s e n s i t iv i t y  
of the c ir c u it
I-p = -  0 .2  Vt> (  1 >R I TT1 |H5 J
26
Thus the f i e l d  time constant should be reduced by a fa c to r  
of 26, making i t  n e g lig ib le  in  comparison w ith  the in e r t ia  
time constant. .
l o o
13*3 Loop Gain for Rate Damping
13*3*1 The load angle ra te  s ig n a l co n tro lled  the e x c ita t io n
through an ad d itio n a l r e s is t o r ,  connected to  the
summing junction  of th e  operational am plifier*
13*3*2 From f i g  27 the undamped natural f r e q u e n c y  was about
1*5 Hz = 9 .4  rad /sec a t zero load a n g le .
Now undamped natural frequency » a) VE Cos 6 
2 HX
so th a t w ith per u n it q u a n tit ie s  and u n it e x c ita t io n  
2 HX = a ) /  (9*4)2
13. 3 .3  Damping r a tio  = Kd
2
00 V Sin 6 tan 6 
2 HX E
Hence fo r  c r i t i c a l  damping a t  30 load angle
1Kd = 2 2 HX E a  2
go V Sin 6  tan  6  9*4 *J 0 .5  x  0.5&
= 0.394
or Kd = 0.J94 x  210 “ 48 V /rad /s.
•JT
13*3*4 From sec tio n  5*4*9 the output of the e le c tr o n ic s  
was 1 /1 .5 5  V /ra d /s .
i o  |
With th e  potentiom eter a t maximum, f i e l d  current
25 x  56 x 103 A / , /x ------------------------„ A /rad/s*1*55 \
From f i g  45 the slope o f the m agnetisation curve at 210 V
(Line v o lta g e )
« 64 /  J ~ T  V/A
Hence Kd «= 48 » 1*55 R  ^ 4*3*
64 25 x  56 x  10s
x 26
-*• \  e  64 x 25 yi 56 « 27 KD
1.55  x 4 8 *  J T  26
In p ractice  R  ^ was made 3*8 K Q to  permit wider v a r ia tio n  
in  the gain with the potentiom eter.
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13*4 Loop Gain for Voltage Regulator
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1 3 .4 .1  A fu rth er  r e s is to r ,  Rj., was connscted to the slimming
fu n ction  o f the operational am p lifier  to  permit vo ltage  
con tro l of the exciter*
13*4.2 The gain  of a vo ltage  regu lator  i s  normally defin ed  as
AE /  A (K Vg -  V i)
where K i s  a constant allow ing fo r  the d if fe r e n t gains  
of the Vr and Vy c ir c u its*
13*4* 3* For th e  v o lt  age-transform er r e c t i f i e r  u n it , 212 V l in e  
gave 6*7 V output i . e .  6*7 /  212 V /  V*
Hence taking a slope of 64 V /A  fo r  the m agnetisation  
c h a r a c te r is t ic , the lin e to l in e  emf
r zr
V R1
VT x 6 .7
Rc 212 
P )64 x  23 x  36 x  10a 26 V
So th at fo r  a gain  of 20: p a 64 x  23 36 x  10a
 ^ 26 x  20 x
a 5 .6  K Q
l o l f
To reduce th e  magnitude of required ,
R^  was made 27 K Q.
13.4*4 With t h is  high v o lta g e-reg u la to r  gain  the system  
was only  ju s t  stable, and became unstable when the 
rate  damping was introduced. To maintain the system  
s t a b i l i t y  R^  was increased  to  27 K Q g iv in g  a.
vo ltage  regu lator gain of
64 x  23 36 x 103 6 .7
26> 27 x 10* 212
~  4*
13*5 T heoretical Response to  Small Disturbances
13*5*1 To determine the th e o r e tic a l system response w ith
load angle ra te  damping fo r  comparison w ith th e  frequency  
response r e s u lt s ,  i t  was necessary t o  repeat the  
ca lcu la tion s o f sec tio n  13*3*
13*5*2 From f i g  45 the unsaturated synchronous reactance
B x = 7.1 n = 7 .1  x  2750 = 0 .44  p * u .
210 x  210
From f i g  27 the undamped natural frequency
= 1 .4 8  Hz = 9*3 r a d /s .
Then H = 100 x  = 4*1 K W s / K V A .
2 x ( 9 .3 ?
13*5*3 Taking tb s unsaturated slope of th e  m agnetisation
curve, 86 /  aJ 3 V / A , w ith a potentiom eter gain o f 0.13*
Kd = 0*13 x 86 x  25 x 56 « 0*485 s
1 .55  *  3*8 26 x 210
Hence the damping r a t io  »  0.485 x  9*3
2
Sin 6 tan  8 
E
13*5*4 For damped response, generating or motoring w ith 1 .5  kW
load r e la t iv e  to  true zero load angle and w ith  u n it e x c ita t io n
Sin 8 « 0 .44  x  1500 = 0 .24  .% 8 = 14°
2750
Undamped natural frequency » 1 .4 8  a] Cos 14 1*46 Hz
Damping r a tio  = 0.485 x  9*3 J 0 .24  x  0.25 = 0*55
2
13*5*5 For damped response, generating w ith 1 .5  kW load  r e la t iv e  
to  true zero load angle and w ith 0 .8  p .u . e x c ita t io n
Sin 8 & 0.44 x 1500 * 0 .3  6 = 17*5°
0 .8  x 2750
Undamped natural frequency » 1 .4 8  0 .8  Cos 17*5°
^ 1 .31  Hz.
Damping r a tio  * 0*485 x 9 .3  |~0*3 x  0.316
2 i 0 .8
«* 0 .78
| o t
13*5*6 For damped response, generating w ith 1*5 kW
load r e la t iv e  to  true zero load angle and w ith
1 .21  p .u . e x c ita t io n
Sin 6 = 0 .44  x 1500 = 0 .2  8 = 11 .5
1.21 x  2750
o
Undamped natural frequency = 1 .4 8  J 1 .21  Cos 11 .5°
1 .61  Hz.
Damping r a tio  = 0.485 x  9 .3
2
0 .2  x 0 .204  
1.21
0.41
13*5*7 From th ese values o f natural frequency and damping
r a tio  the th e o r e tic a l amplitude and phase v a r ia tio n s  w ith  
distu rb ing  frequency were ca lcu la ted  fo r  comparison w ith  
the experim ental measurements f ig s  40 , 41 and 4 2 .
Damping r a t io s  were ca lcu la ted  by th e  same technique  
fo r  comparison w ith  the experim ental small s ig n a l  
tran sien t response r e s u lt s  f i g  43*
l o 7
